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PREFACE 


^"T^HIS book is intended primarily for students of Pliysies, 

but enougli lias been ineluderl of Helinbotz's Theory of 
(’onsonnnee to make it adecpiate also for students of Musie. 
Those who wisli to limit themselves to the more ])urcly pliysical 
jiai ts of the subjeet may omit everytiunu' after ^ -03, with tlie 
e-\ce})tion of 279 and 2SO. As the later diajiters will have 
little interest for readers with no ae(|uaintanee with Music, it 
has not been thought necessary to deline all the musical teims 
that are used, (’hapter X\T includes many details of the con¬ 
struction and use of musical instruments that cannot be reuard- 
ed a.s necessai'v to be known either bv students of Phvsics or of 

% I * 

Mu.sie. The greater part of the chapter is intended mainly for 
those who j)lny in orchestras, and who wish to know something 
of the principles underlying the construction of their instru¬ 
ments. • 


Certain sections of the book are marked with an asterisk 
to indicate that tliey are of a rather hitilier standaifl than the 
remaining seetion.s. They can be omittqd by readers who wish 
to acquire only an elemen,U|ry kno.wledge of the subject, but in 
most cases the result reaeiierl should be known,-even though 
the proof of that result is not read. 


The writer of an elementarv Text-Book on Sound suiters 
from the disadvantage that many of the most ordinary pheno¬ 
mena cannot be explained adecjuately without the use of 
mathematics of a somewhat advanced type. Consequently tlic 
argument cannot be presented in a logically continuous fonn, 
and the reader is freciucntly called on to accept statements the 
reason for uhich cannot be given. Tlie be.st tlie writer can do 
is to endeavour to provide experimental evidence or arguments 
from analogy, when tlie theoretical explanation passes beyond 
the limits of the mathematical attainments that can be assumed 
to be possessed by his readers. I hope that in the present work 
I have at least made it clear where such gaps occur, and have 
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not left the roailcr in donbt as to whether any statement is to 
betaken as a (le'inction from what prece les or is to bo accept- 
c<lwithont proof. .My aim lias been to make the least possible 
ns e of niaihomaticai inetlKals. in order that the reader may not 
be led to evade the mental effort reqmrefi for the appreciation 
of the physieal connexion h^tweert the phenomena desci it)e<i. 
It is ho|»ed that the hook may serve as a nseful introduction to 
the more anaivtieal treatises sneh as those of Prof. E.H. Barton 
and Lord Kayleigh, 

I am greatly indobte<i to Mr. T. G. Bedford, the general 
editor of t ho Camhi idcre Pliy.sieal Series, for the valuable help 
he has given me throughout the preparation of the book. I 
Inive also to express my thanks to Prof. E H. Barton for per¬ 
mission to make certain extracts from his Text-Book of Sound, 
to Mr. I). J. Ibaikloy for much information concerning musical 
instruments, and to iho authorities of the Universities of 
(’amhiidi'c. London and Dublin and the Xational University of 
Ireland for permission to mike use of questions set in the 
examinations oftho.se Universities. 


yoirtubrr. 1013. 


J. W. 0. 


PREFACE TO SECOND EDITION 

"VJO change has been made in what was included in the First 
^ Edition, except by the correction of a few small in¬ 
accuracies and the removal of ambiguities. 

An additional Chapter has been added giving an outline of 
some of the more important applications of Acoustics to military 
operations in the recent War. 


Ma>j 4th, 1021. 


J. w. c. 
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CHAPTER I 


XATl'HK OF SOUND 


1. Meanings of the word Sound- The wonl 

two incMniiijis in evoiydny life. Wlion we say we liear a sound, 
we refer tiT tlie .sensation. When we say that soiin l travels 
faster with the wind tlum against it. we i-efer to .sonv pliy.dcal 
iihcnoincnon external to onrscdves. The two meanings of the 
w(.rd rarely lead lo amhiguity. an 1 no attempt will he made to 
distingui.sh tiie two idea.s hy dilTereiit expre-ss.ons, 

2. Velocity of Sound. Many of the faet.s relating to souml 
can lie leadilv dediuetl hy observation of wliat i.s goinL'on 
around us, without the need for special applianoe.s. 

It is a jnatter of common observation that .sound travels 
much moreslowlv tlian liglit. The ilash of a gun a mile away 
is seen about o seconds before the rej) at is heard, and tlr-re is 
often a eonsiderahle interval between a flash of lightning aiul the 
resulting thunder-elai). The methods of measuring the velocity 
of .sound will he fiiseu.<scd later. It-will then be seen that the 
veloeitv in air at ordinary temperatures is about 1 lOO ft. per 
seeon<r and knowing this it i.s easy to form an estimate of the 
distance of a tlmmlerstc.rm. bv ob.serving the interval between 
the li‘ditnim' and the thunder. The velocity of light is so great 
compared with that of sound, tliat for the purpose of this 
observation the time taken by the light in travelling from the 
electric di-seharge to the ob.scrver may be neglected. 

3 Medium by which Sound is carried. If sound is 
carried from its source to the observer by material substances, 
it is clear that air must be one of these substances ; for when 
a !-ocket explodes in the air, or an aeroplane passes by, the 

sound is heard, though there is no material substance between 

the source of sound and the observer, except the air. 
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It ini^'ht be ar<nic(I tliat we can also 5ce tlie rocket explode, 
and it is obvious that the hght by which we see it does not 
need tlie presence of air for its propagation, for " e can also see 
tlie stars across space, which we believe to be devoid of aa. 

A simple experiment, however, will shew that air or some 
otlier form of matter is essentia! for the coruluction of sound. 

4. Experiment with an exhausted bell-jar. Place an 
electric bell or a small alarm clock on the plate of an air-purnp, 
and cover it with a bell-jar. If the air is now pumped out, the 
•sound heard will be somewhat weaker, shewing that the air 
took at least some part in the propagation of the sound. Next 
repeat the experiment, l>ut place a pad of soft felt under the 
bell or suspend it bv india-rubber cords, and it will be found 
that now the sound is-searccly audible, when the air is pumped 

out. 


From this it appears reasonable to conclude that the ether 
cannot conduct sound, but that the air can. The sound cannot 
be made to disappear entirely, for the bell must be supported 
bv sometbing. and all material substances carry sound, though 
with varying degrees of facility. When the clock rested directly 
on tlie metal plate of the pump, the sound was conveyed quite 
readilv to the air outside, whilst the pad of felt cut it off al- 
most entirely. 


5« Propagation of Sound in Solids. Experiments to shew 
tlie propagation of sound through soUds are easily devised. Lay 
a watch on one end of a long rod of wood or metal. Tlie ticking 
of the watch will be heard when the ear is placed near the 
other end of the rod. but not when it is some distance away ; 
from wliich we conclude that the sound heard in this case is 
conducted through the rod. and not directly through the air. 
This experiment must not be taken as proving tliat the material 
of the rod is a better conductor of sound than air. The sound 
communicated directly to the air by the watch spreads out 
freely in all directions, and rapidly grows weaker as it trav'els 
farther from the watch, whereas little of that which passes into 
tlie rod emerges until it reaches the end. 

6- Velocity of Scund in different media. A similar ex¬ 
periment will shew that sound travels with different velocities 
in clifferent media. Stand near an iron rail, whilst someone 
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strikes tlie rail a few IiuiKlret! yards away. Two sounds will be 
heard, one carried by the iron, and one by the air It will be 
noticed that tlie sound wliich arrives first becomes loufler if the 
oar IS placed close to tlie rail, whilst the other is not alTected by 
the change of position, so that we may conclude that sound 
travels more quickly throujih iron than through air. lhc‘velo- 
city is in fact about 16 times as great in iron as in air. .bound 
is also carried readily by liquids. A person swimming under 
water can hear sounds made on the bank, and if two stones are 
struck together under water, a sound is lieard in tlie air above 

the water. 

7. Musical Notes and Noises. Sounds are usually .lividerl 

into two clas.ses. musical notes and noises, though 
sharp di.stinction between the two. Ihe essential difference is 
that musical notes have a recognizable pitch, whilst noises have 
not but few noises are entirely devoid oi musical 
pitcli, ami few musical notes are devoid of unmusical noise. 
Drop two pieces of wood of different shape on the floor. W hat 
islieard woukl be classed as noise, yet there would be a diffe¬ 
rence between the sounds made by the two picees. and a person 
willi a trainefi musical ear would be able to distinguish betuceii 
Jhein from tlie admixture of musical note with the noise 
Acain weean generally by close attention detect some slight 
hissing of wind, or scraping, in the sound of a musical instru¬ 
ment. 

Tlie ear is in genera! able to distinguish musical notes of 

different pitches sounded together, but if the notes are very 

numerous and close togetlier in j: 

timmlshable, and the resultant sound is described asnoi.se. It 

i.s probable that noise is usually such a mixture, ^ 

of the constituent notes is so prominent as to give a definite 

sensation of pitch. ., . 

8 Sound due to Vibrations. A little 
that sound always takes its rise from some body which is m 
ratine Tiic ordinary method of making a tuning-fork give u 
s note by striking the prongs shews that what .s required is o 
^ 1 vibrate Look closely at them when the fork 

j^^'sounding, and from tlie haziness of their outline it will be seer 


1—2 
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that thev are vihratin". Touch them very lightly with the 
fingers, aiul the vibrations wall be felt. Press the fingers 
UKue firtnlv on thctn so as to stop the vibrations, and the 
sound will cease. Similarly it is easily seen that a violin or harp 
produces soun 1 only when a string is vibrating. 

The vibrations which give lise to the soiiikI ai*e not so 
obvifMis in tlie case (»f a wind instrument, such as a fiute or a. 
trombone, tor here it is the column of air which vibrate.s, and 
not tlie tnaferial of the tube. In the case of a large organ pipe 
the air can he felt to he vibrating, if the hand is held near the 
mouth, and in otlier eases where the vibrations are too small to 
l)e felt, they ean he detected by a|)propriate methods. If for 
instance a small paper tray with a little sand on it is lowered bv 
a tlircad into an c)[>en organ-pipe with a glass panel in its side, 
tli(“ sand will he seen to dance about, as soon as tf>e p-pe is made 
tt) sound. 


9. Sound is a Wave Motion. We have seen then that 
sound takes time (o travel fi'om the vihrating bofl\’to the 
hearer, and that it rc<juires .s«une material substance to earrv it. 
It is clear t liat w h<-u the .sound is(ra\ elling tlirough the air 
it does U((t consist (ff a ho.lily transference of the air. If one 
stands in fiont of a trombone that is being blown loudlv, 
no l)|a->t ofair is f« It. nor does a gale (»f wind spread outwards 
from a cannon ulicji it is fired. 'J'he.se facts, coupled with the 
ohservatiou that souiwl always takes its ri.se fiom some 
lK> !y which is vihrating. .suggest that what travels through the 
air is a .s«-ries of waves of some kind. 


This conjecture is consistent with all the observed proper¬ 
ties of sound, and is iii particular supported by the existence 
of interference, tliat is, by tlie (|uenching of .sound at certain 
points by the .superposition of anotlier sound. Hold a vibrating 
tuning-fork to the ear and turn it round slowly with the fingers. 
In certain positions the sound will be almost inaudible. Whilst 
it is in one of these positions, get someone to slip a paper tube 
over one of the prongs, being careful not to touch the proncr and 
stop Its vibrations. The sound will be heard to swell out again 
Tins experiment shews that in certain positions the sound com- 
mg from one of the prongs is able to neutralize that comino- 
from the other, and this clearly could not happen, if sound w’ere 
merely a current of air. 
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The phenomenon will be discussed more fully in a later 
chapter. It is mentioned here as beinji tlie kind of evidence on 
whieli we rely for our belief that sound consists of wave motion. 


10 Characteristics of a Musical Note. Two musical 
soun-ls mav ilin'cr from one anotlier in three, and only three, 
wavs Thev mav ditfer in loudness, in pitch, and in quality. 
3^v (lualitv we inean the characteristic which enables the ear to 
flistimniish. for instance, between a note played on a flute and 
a not^of the same pitch ami loudness ])layed on a violin. 


\A-e slnill di.scuss very briefly the rvay in winch these 

<haraeteristics of a musical note are related to the features of- 

the vibrations that give rise to the note hat u ill he said 
must not lioweicr he regarded ns n prool of the relation.ships, 
hut rather as a si nopsis of what will he more fully proved in 
the succeeding ehaptei'S. 


11 Loudness. Strike a tiiniiig-fork strongly, so as to 
make it give out as loud a note as possible. 1 he c.stent of 
Vihritioii of the prongs can be seen from tile extent of the 
1 ‘i^ess at Iheir etJ^ls. ^t will he noticed tliat this ampli.iide 
araduallv diminishes, and that at the same time the sound 
groiis w'eaker. Thus it appears that the greater the extent of 
Vibration of the fork, the louder is the sound that it gives 
out A similar conclusion may be drawn f>o.n the vihrationb 
of a stretehed string, such as that of a harp. The farther it is 
drawn aside before being let go, Jhe greater wi 1 be the amp l- 
tiide of its vibrations, ami the louder the sound it will give out. 


It is reasonable to suppose that the more widely tlic prongs 
of a fork vibrate, the greater will be the amplitude of the air 
waves sent out, and we may assume that the loudness of the 
sound depends in some way on the amplitude of the air waves— 
the greater the amplitude, the louder being the sound. 


We need not discuss here the exact nature of the air waves, 
nor the exact meaning of tlie term amfUiude as applied to them. 
The analogy of the familiar waves on water will serve our 
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present purpose, though these differ in important respects from 
souiul uaves. In tlie ease of 
vater waves we mean l)y ampli¬ 
tude tlie height ot a crest above 
the mean level oftlie water. 

In Fi". 1 AB is the ampli¬ 
tude of the uj)[)er wave, and tlie 
two wa\es diffei- in nt) other ix-s- 
]>e<-t than in amplitude. They 
repicsent. in a way tliat will be 
e.xplained later, two sounds which 
Jiave the same pitch and quality, 
but differ in loudness. Fig. I 

12. Pitch. A simple experiment for finding wliat feature 
of the vibrations of a body characterizes the pitch of the note 
einitterl may be made with Savart’s Toothed Wheel. A metal 
disc has saw-teeth round its circumference, and can be rotated 
at various rates by a handle or a small electric motor. Turn 
the wheel at a gradually increasing rate, whilst a card is held 
against the teeth. At first separate tap.s are heard, as the card 
drops from tooth to tooth, but as the rate of rotation increases, 
the taps blend into a harsh note, w liose pitch rises, as the wheel 
is made to rotate more rapidly. In this experiment the card is 
imule to vibrate by the teeth, and the number of vibrations it 
makes per second depends on the rate of rotation of the wheel ; 

wlicnce we conclude that the pitch of a note is determined by 

tin* number of vibrations per second of tbe body wdiich gives 
out the note. 

The apparatus could be used to find how* many vibrations 
per second correspond to any given note, such as that of a parti¬ 
cular tuning-fork. Turn the wheel at such a rate that the card 
gives out the same note as the fork, and count the number of 

in a minute. Suppose there are 100 
teeth on the wheel, and it is necessary to turn it 120 times in a 
minute to give a note of the same pitch as that of the fork. 
Tl^en the number of taps is evidently 200 per second, and this 
IS the number of vibrations per second required to produce the 

note in question. This method, however, is not capable of any 
great accuracy. 
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Wc shall shcv in a later chapter that, when the sonnet 

I- from the vihratiiie borlv to the ear through an oi 
travels f‘“"' „f ^vaves tl.at reacii the carper 

other meehum he of vibrations per second of the 

second es equal j , jhs travel with the same 

o!^ m:u:m Lclt as ah. and that tho^fore the 
dlLr'enee between a sound of high pitch and one oi low p.tclr 
may be said to be that the 
wave length of the former is less 
tlian tlic wave-length of the 
latter. 



Fig. 2 represents two waves 
of the'^same amplitude l^ut of 
different wave-lengths. The 
lower curve corresponds to a 
liiHier note than the upper. 



'yino.^tiT 


Fip. 2 


1 -j of Audibility. It should be mentioned liere 

that a mus“ 1 note is hlard only wlion the number vibraUons 
per second is between certain limits, winch are d.fTeicnt to 

different per.sons. 

If the vibrations are slower than about 30 per second they 
do not blend into a note, but are heard separately. Even when 
they are somewhat above 30 per second, they do not give tt c 
sensation of a note, unless they are of the kind known as Simple 
karmonic Vibrations, to be described in tlie next chapter. 

When the vibrations are very rapid, they cease to produce 
anv impression on the ear. Tlie sensitiveness of the car to high 
notes falls off with advancing age. Children can generally lieai 
notes witli 20,000 vibrations per second, elderly people cannot 
generally hear anything above 15,000. 

We conclude then that within these limits the pitch ot a 
note depends on the number of vibrations executed per second 
by ?he body which gives out the sound. This number ,s called 

the Frequency of the vibrations. 

14 Intervals- It is often required to express numerically 
the relationship between the pitches of two notes, and we 

must consider wliat is the most convenient f 

the interval between the notes. In deciding what method t 

use the chief fact of which we have to take account is tho 
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c-xislt‘iue of cei'tain iTitcT\als mm Ii as tlu' fxtavo, the fifth etc., 
u fill h L'ive a (oiistaiit aixl rc-f (>i.'iiizal)lc tnciital irnprcfssioti at 
all pairs oftlic tnusital scale. A fiftli. lor in-Ntance, is (lie same 
intctwil to the (ai. wliether it Ik* low in (lie )>ass or hii:h in (lie 
trehle. and wh.deeei- nieasnre we ailopt for an interval, it must 
he such as w ill e t he same munerif al \ ahie at any par t of 
the scale to \\hat the ear jnd^fe.s tf> he the .'unie interval. We 
must Mr.'t then find c x|ierinientally what feature of tlic relation- 
sliip hctweon the liefjuc-neies of two notes fortnint; sueli an 
inteiA'al as a lifth is (onstant. This is readih' done l)\' tiie use 
of the J)ise Siren. 

15. The Disc Siren. A circular disc of cardboard or metal 
is nmunted on an axle, .'•o that it can he 
rotated rapidly. 'I'lio <lise has several 
eireles ( f holes pierced through it. and a 
jet ol an tioin the month or bellows can 
i)e«liieeted on one (»f the circles by a 
narrow glass tube. Whenever a hole 
eomes in front of the tube a puff of air 
passes through the di.<e. so that wo have 
a rapid succession of puffs, which will he 
fournl to blend into a musical note, and 
the p.tell of tlie note will depend on the 
rate ot rotation of the disc, and on the 
minil);'ii)l holes in th * circle. 



Let ns sufipose there are four eireles Fig. 3 

of lioles with 4((. .")0, 60 , and 80 holes in the respective circles. 

liilst the disc is turned at a steady rate, direct the jet of air 
first at the SO circle, and then at the 4(J circle. The interval 
between the two notes heard will be recognized as being an 
octave. Turn the di.«c more quickly, and both notes will rise 
in pitch, hut the interval between them will still he an octave. 

hatover may be the rate of rotation of the disc, the frequen¬ 
cies of the two notes must be in the ratio 80 to 40 or 2 to 1 
whence we conclude that tliis ratio, which is called the Vihrafion 
yi'a/mofthe interval is characteristic of the octave, and the 

traction » 1 may be taken as the measure of the interval of an 
<Ktave. 


If now we make a similar e.xperiment with the 60 circle 
and the 40 enele, we find the interval always a fifth, whence 
wo jiitor that the vibration ratio of a fifth is 3/2. 
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If tlic tlisc is tinne<l at sucIj a rate tliat the 40 circle 


"ives 


tlic niifhlle C of the Pianoforte, tlie four circles will <rive the 


coininon cliord of C 



If the disc is turned a little 


faster they will ‘five the clioid of 1), and so on. 

16- The Measure of Intervals. We may conclude there¬ 
fore that if we liave any two notes with frequencies m aiul //, 
the interval between the notes may he measured by the fraction 
m;H. for iujwever m aiul n may vary, tlie interval will be judged 
by the ear to remain the same, pi’ovided their ratio //</» remains 
constant. 


17. Consonant Intervals- This is true of any interval 
whatever, but certain intervaLs are found to liave an etfcct so 
pleasing to the ear that they are classe<I as Consonant Inttrvals, 
and liave special names assigned to them. The con.sonant inter¬ 
vals witliin the limits of an octave are given below with their 
vibration ratios. The first five and tlie last of these ratios can 
be verified directiv with the disc siren as described above. 


Octave 


Fiftli 


Fourth 


Major Third 


9 

1 

3 
2 

4 
3 

5 


Minor Third 


6 

5 


5 

Major Sixth 

Minor Sixth ? 

o 


We shall make frequent use of these intervals, and the 
student should make himself familiar with their vibration ratios. 


18. The Sum of two Intervals. To find the vibration 
ratio of the interval obtained by adding together two intervals 
we multiply togetlier the ratios of the two constituent intervals. 
Suppose we Jiave three notes, winch wc will call p, q, and r, 
and suppose p has the lowest, and r the highest pitch of the 
three. Let us find the vibration ratio of the interval between 
p and r. when the interval between p and q is a fourth, and the 
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interval between 7 an 1 r is a m .j,„- .l,i,-,l The vlbmtion ratio of 
a fuuilii is 4 to :t ai.fi that ot a rna)nr tlunl to 4. If then 

tho fie.|Uoiu-v of r \i f ^ 

frofiuencv of r is •"> 4 times as uneat as that i>f 7 - and is theieioie 

4 il xod or.-):!. Thuswelin l that the treciueney of r .s o3 
times as -reat as that of/), or the v.br.Uion ratio of the interv al 
7 ) to )• is ;} : 5. uhieh eorresp )n(ls to a nvjr)r sixth. Siin.larly 
a major third and a minor tliir.l make •> 4 x j> o or 3 whieh is 
the V ll.Mtion ratio of a tlftli. It U evi.lent that tl'e ™le bob s 
ireneraliv. and \re may siy therefore that it ^ve add the inteivals 
wltose vibration ratios are m a and )«' n' 'vc get an interval 
wliose ratio is mm' uu. 

19. The difference of two Intervals. We can deduce 
at once from this the eonver.se proposition. If we take the 
interval wlio.se ratio is/» a from the interval whose ratio is 
m' a', the ditTerence is an interval whose ratio i.s at' n'H-)a a ; 
for bv the preeedimj: rule the interval m a added to the interval 
m'a'-i-ma or ai'a wa' gives the interval m nXfn'n^mn or 

7n\ n\ 

Thus, to add intervals we multiply their vibration ratios 
together, and to suhtract we divide the ratio of the large inter* 
val hv that of the smaller. 


20. The Diatonic Scale- It will be convenient to give 
here the vibration ratios that define the intervals between each 
n(»te of the oidinary Diatonic Musical Seale and the lowest note 
or tonic of tlie scale. The reasons for the choice of the.so 
particular intervals will be given in Cliapter XIII. 

»Sinec the intervals remain the same whatever note is 
taken as the tonic, it is of no consequence what note we choose 
as the tonic. We shalltake the scale of the white keys of the 
pianoforte, which have C as their tonic. 

C D E F G A B c 

9 5 4 3 5 15 ..j 

8 4 3 2 3 S " 




The meaning of the table is this. Whatever may be the 
frequency of C, that of r, an octave higher, will be twice as 
great ; that of E will be one and a quarter times as great, and 
similarly for the other notes. The fractions below the notes 
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are proportional to the frequenoies of the notes, in wliatever 
octave on the pianoforte we may take them. The scale can 
be extended indefinitely upwards and downwards. In order 
to rise an octave we double all the frequencies, anrl to fall an 
octave we halve them. 

It will be found by reference to tlie table in Par. 17 that 
the interval between 


C and c is an Octave 


C and G is a 
C and F 
G and B or C and E 
E anfl G or A and c 

C and A 
E and c 


9 > 


) 9 


t 9 


Fifth 
Fourth 
Major Third 
Minor Third 
Major Sixtli 
Major Sixth 


21. Pitch Notation. It is often convenient to be able to 
define the pitch of a note in the e.xtended scale, by u.sing a 
different notation in each octave, ^^e shall use for this purpose 
the notation introduced bv Helmholtz. The letters of the table 
just Ldven denote the octave from C below the Bass Clef to c 
near the middle of the Bass Clef. The octave below this is 
denoted by capital letters with the suffix 1, as Cj. l)j, 
octave next below this has the suffix 2. as C^, D 2 , etc. Going 
up\\ ards from the c near the middle of the Bass Clef we have 
first an octave with small letters c, (/, e, etc., next an octave 
with the affix 1 as cb etc. then c*. etc., and so on. 


Thus the successive C’s of the pianoforte scale are C^, C, c, 
c^, c®, c^, c®. 

22 Quality. We have now only the quality of the 
note to’ consider. This is less simple than the loudness and pitch, 
and the experiments shewing the relation between the nature ot 
the vibrations and the quality of the resulting note are too 
complex to be given at this stage. 

We can however make a conjecture as to wliat feature of 
wave motion is likely to affect the quality of the corresponding 
note. Two trains of waves may differ m three, and only tliree, 
ways. They ma\' have different ampliludes, different wave-lenglns, 
and different shapes. What is meant by shape is most easily 

shewn by a diagram. 
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F'iis. 4 io|)rc?:ciits two waves, wiiicli wc may regarrl as 
Iravi'lling tu\\ai«ls tlic riglit. 



Xow amj)litii(le and wave- 

l(>ni{th liave already been api>ropriat(d as eliaracteiizing loud¬ 
ness and pit<li. and so we have nothing left but shape to 
cliaraiterize fjuahty. 

The manner in which quality depends on shape will be 
considered in Chapter IX. 


CHAPTER II 


ELASTICITY AND VIBRATIONS 


23. Origin of Sound. We saw in the preceding (•liaj)ter 

that sound always takes its rise from some vibrating horlv. It 

is possible to make a body vibrate by means of a s\-stem of 

cogwheels and lexers, without making use of the elastieitv of 

the parts, but vibrations so piodueed are of little impf)i'tanc-e 

foi' our purpose. Sound almost always arises from vibiations 

which are <iue to the elastieitv of the vilnatinji bodx'. Even 

when the vibrations are not orlirinallv elastic vibrations, tliev 

^ ' * 

become so as soon as they aie communicated to the air. Hence 
it is neeessarv to gi\'e some consideration to tljc nature of 
elastieitv, and to the vibrations arising from elasticity. 


24. Nature and Limits of Elasticity. A body is said to 
be elastic, if on l)eing deformed in anv wav bv an amount not 
too great, it temls to return to its original .state. Stretch a 
spiral spring for in.stance. It tends to return to its oiiginal 
length, and does so as soon as the .'Stretching force is removed. 
Bend a thin metal rod, aiul it tends to straighten it.self again. 
Twist the .same rod, and it tends to untwist. Close tlic outlet 
of a hieycle pump, and press down the handle. The air in the 
barrel is compressed, bitt as soon as the pressure is removed, it 
returns to its original volume. 


In most cases of elastic deformation of solids there are 
limits beyond which the deformation must not go, if the body 
is to recover its original state. If, for instance, a spiral spring 
is stretched to a very great extent, it may be tliat it will 
acquire a certain amount of permanent stretch, and will not 
return to its original length. It is then said to have been de¬ 
formed beyond the limits of elasticity. 

The limits differ very niucli for different substances, and 
for different kinds of deformation. A spiral spring of large 
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diar.u t.-.- ami made of steel of-oo.l quality nm^ht be stretched 
to.loul.le its length without acquiring a permanent set. A 
.tramht wire of the same length and material as the spring 
‘cIm.I.T he stretched only a very little without sufienng perma¬ 
nent deformation, or hreahing ; whilst asmidai ^\ irc mAde of 

lead would have extremely narrow limits of elasticity, either fm 
heiidim'or stretehiiKi. Nevertheless, lead is elastic withinita 

narrow'iimits. forifalo.igleadpipeor rod is tapped at one 
end the .sound is carried along tlie material to the other end, 

and we shall .see later that souml invariably travels tlirough a 
hodv hv virtue of the elasticity ot the body, 

25 Imperfectly elastic solids and viscous liquids. Some 
substances are elastic if the ileforming force acts only for a 
short time, hut acquire a permanent set if the force is main- 
taincfl. Take, for instance, a rod of pitch or sealing wax. and 

fix it horizontal! V bv clamping one end. If a small weight is 

hum' on the other end the rod will be bent down a little, and it 
the Wi‘dit i.s soon removed, the rod will recover its original 
iio^dion If however the weight be allowed to remain, the end 

of tlie rod will gradually sink down, and will not return when 

the weiglit is removed.’ It is not, in fact, necessary to put any 
weiuht on the end. for the weight of the rod itself will cause it 
to sink gradually. A lump of pitch placed on a flat horizontal 
surface will in the course of a few weeks spread out into a thin 
cake. It liehaves in this ease as a very viscous fluid, wliilst, 

if the deforming force acts for a very short time, as it does in 

the case of sound vibrations, the substanc‘e behaves as an 
elastic solid. 


There are many substances that behave like pitch, and it 
has even been suggested that no substance is really solid, but 
that every body gives way gradually to forces however small, 
if long enough maintained. This is mere speculation, for the 
great majority of the bodies whicli we regard as solid shew 
no signs whatever of such gradual deformation, even though 
the forces liave lasted for centuries. There is no indication, 
that tlie Pyramids are flattening under tlie action of gravity, 
nor that metals slicw any such effect, for ancient coins still 
shew their inscriptions sharply marked. 

A distinction must be drawn between very viscous liquids 
such as pitch, and solids with narrow elastic limits such as lead. 
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Por forces acting for a sliort time, pitcli lias wider elastic limits 
than lead, yet lead is a real solid. There Is no reason to suj)|)oso 
tliat very small forces give it a permanent deformation, how¬ 
ever long they act on it. 

26- Elasticity of Liquids and Gases- Liquids and gases 
can be deformed in only one wav. nameh' by alteration of 
their \ oluine- Tliey offer in general no permanent resistance to 
change.s of sliajie, though, as we have seen, a viscous liquirl 
may olVer re.sistanoe to rapid changes of shape. They cannot 
be said to have any limits of elasticity, for, however great the 
pressure applied to a liquid or gas, the volume will return to its 
original value when the pressure is removed, provideil the other 
original conditions, such as the temperature, remain the same, 
or are regained \i hen the pressure is remo\ ed. 

This .statement is not strictly true of liquids, for it has been 
shewn that in exceptional cases a licjuid can be made to break 
under tcn.sion. The exception lias no practical bearing on 
Acoustics. 

27. Relation between the Deformation and the Force 
which causes it. We must next consider 
the relation between the magnitude of 
the defojining force and the amount of 
deformation. For the experimental de¬ 
termination of this relation a spiral 
spring is convenient, as its limits of 
elasticity are wide. 

Hang up the spring by one end 
and at the other end fix a scale pan, 
and a pointer uith a graduated scale 
behind it. 

If it is found that any of the coils 
of the spring are in contact with each 
other, put such a ueiglit in the pan as is 
sufficient just to separate all the coils, 
and take the reading of the pointer on the scale. Now put such 
a weight in the pan as will lengthen the spring by an amount 
that is easily measured. The weight required will depend on 
the length and stiffness of the spring. Read the new position 
of the pointer on the scale. Add another similar weight, and 




IG 


ELASTICITY AND VIBRATIONS 


read tlie position again, and so on, repeating the operation 
several times. 


Suppose, for instanee. tliat a weight of 10 gm. lengtiiens 
the spring Ijy I eni.. then ths .s?eon 1 10 gm. will be found to 

lengthen it bv another centimetre, and so on. or in other words 
the lengthelling is proportioinl tr» tlie atided weight. This 
jMopoiiionaiitv of the deformation to the force is strictly true 
only for small deformations. In t he ease of a spiral spring it 
holds t)ntv .so long as the coils are approximately horizontal. 
Fora .spring a foot hmg and an inch in diameter, for instanee, 
1 here woulil he no great deviation from the law uji to an 
(•xteiision of 3 or 4 inches, but if the extension were consider- 
al)le. sa\- a foot oi' more, it would he foun<l that the force 
iiicicased more raj)l*lly than the elongation, even tlumgli the 
elastic limit were noi passed. 'I'lie law lioMs not only for the 
exteiisliui of a spring, hut also for its compression. If a weight 
(*f m gm. placed in the pan stretches it I cm., an upwarr! force 
e(|uai to (lie weight of lO gm. aj^plied to the lower end of the 
spring will shorten if hy 1 cm. 


28. Hooke’s Law. The law of propoiiionality of the 
(h'lorniatioM to tli<* force applieil holds lor- all small (iistortions 
oi elastic solids, .itul is known as Hook 's Lnir. The law may be 
stated thus .Any small <listortlon of an elastic body is pro- 
porllonal to the fli-storting force. As fur-ther illustrations we 
may take the following ea.ses. Fix a rocl horizontally bv clamp* 
ing one end in a vice, and hang weights from the free end. The 
<le|nes,sif>n of the end will bo fouml to be proportional to the 
weight applied. Stretch an elastic string or wire horizontaHv 
between two po.nts, and hang weights to its middle point ; the 
dellexioii will he proportional to the weight. Fix a rod at one 
end. and apply a couple to the other end, so as to twist it ; 
the angle Through which the end is twisted will be proportional 
to the couple. 


Hooke’s Law as originally stated applied only to the defor¬ 
mations ol .solids, but tliere seems little reason why it sliould 
not be taken to include the compre.ssion of liquids and gases 
also, for in the case of these too the change of pressure is pro- 
iwrtional to the change of volume, when this change of volume 
is verv small. 

V 
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It is easily seen tliat when a gas is Qrmihj compressed the 
adde^l pressure is not proportional to tlie diminution of volume, 

for Boyle’s Law states that for a gas at constant temperatuie 
the product of pressure and volume is constant. 

Suppose a column of gas is enclosed by a piston in a cylin¬ 
der a foot long, and is at the ordinary atmosphenc pressure ot 
15 lbs. per sq in. Press down the jiiston 3 in. The gas is nou 
reduced to three quarters of its original volume and its pressure 
is consequently 15x4 3. or 20 lbs. per sq. m. Prens down the 
piston another 3 in., and the pressure becomes - X lo, or oO Ibs^ 
per sq in. Thus tlie fii-st 3 in. requires an added pressure o 
whilst the secoml 3 in. requires 10. or the pressure ^^^^^eases 
more quickly than the diminution of volume The la« o 

proportionality of added pressure to diminution of volume can 

in the case of gases be assumed only for very small compress- 
ions. We shall see later that the divergence f^om the a y, 
when the compression is not very small, gives rise to Combina¬ 
tion Tones. 

The law of proportionality may be taken as hohling general¬ 
ly for liquids, for in their case the resistance to compression is 
so great that the compression is always small. 

29, Forces of Resritution. If an elastic f!:!'’ 

ns for instance when a rod clamped at one end has the nee 

cn’fl <lra« n aside from its position of rest, the 
rise to internal forces, whicl, ten<i to br.ng .t These a e 

called forces o/ restitution. It is evident that if the rod is held 
at est with any given amount of deflexion, the force required to 
cm se this "flexion will be balanced by an equal and opposite 
for" due to the elasticity of the rod. Hence the force exer ed 

by the rod is proportional to the displacement, and is m the 

opposite direction to the displacement. 

30 Potential energy of a Deformed Body. Work has to 

energy equal in am multiplied by the distance 


2 
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jiU TOiiscs w itii tlio flefolniation, and licnce "o must take the 
avfra^'C foKc. and imiltij)ly by t!io total defoimation to get a 
nuasure of tlie wuik. \\ here tlic force incicases j)inportionally 
to the deformation, the average f(*rce is the force for half the 
final fiefoiniation. 


Hence iff/ is the rlisplacenient. the nork is HfiXfl or Hy/®, 
wliere /.• is tlic co-ethcierit of elasticity for the particular kiiul of 
deformation we are consideiing. that is, the force which will 
give tiie unit displacement. 


^Ve see then that the potential energy of an elastic body, 

w hieh has been deformcfl by forces appropriate to the kind of 

deformation in (juestion, is proportional to the square of the 
displacement. 


31- Vibrations due to Elasticity- o lee ..e ho \ ^ 

and tlie forces due to its elasticity at once beiiin to draw it 
back to its e(|uilibrinm position with increasing velocity, tlius 
transforming tire j)otential energy into kinetic. ^Vhen tlie body 
reaehi's its equilibrium position, there i.s momentarily no de¬ 
formation ami no elastic force. aiKl the ]X)tential energy has 
been entirelv ccinverted into kinetic. The momentum the body 
now possesse.s causes it to pass through its equilibrium ]X)sitiori, 
and to .swing out to a distances on the other side ; when its 
kinetic energy \'ill again have been converted into potential. 
In this position it has no kinetic energy, but is momentarily at 
rest, ami so falls back, and if there were no dissipation o 
eneigy. it wouhl continue to vibrate between the limits -|-a and 
— (7. There will however in general be losses of energy. Part 
of the energy of vibration will be transferred to the air in the 
form of waves of compression and rarefaction, as we shall see 
later ; part w ill be spent in warming tlie body itself in conse¬ 
quence of internal viscosity, which acts similarly to friction ; 
and there may be other causes of Joss of energy, such as skin- 
friction. or if the vibrating body happens to be magnetised, 
there may be production of electrical currents in neighbouring 
bodies. The result of these losses is that the vibrations gradu¬ 
ally die down in such a way that the amplitude of any one 
elongation is in a constant ratio to the amplitude of the next. 


32- Isochronism- Hooke’s Law' leads to the important 
result that the vibrations of a body due to its elasticity are 
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isochronous-, that is, the time of performing one complete 
oscillation is the same whatever tlie extent of the oscillation. 

A simple instance of a body that performs isochronous 
vibrations is the pendulum. The force that acts on the pendu¬ 
lum is gravity, and not an elastic force, but if the arc of vibra¬ 
tion is small' tlie relation between the force, and the displace¬ 
ment is the same as for elastic forces, and the vibrations are 
consequently isochronous. A familiar instance, where the 
vibrations are due to elasticitv, is the balance wheel of a watch. 
Here the vibrations are due to the elasticity of the hair spring, 
and are maintained bv the main spring acting through the tram 
of wlicels and tlie escapement. If for any reason .such as increas¬ 
ed friction, or diminished force in the main spring through the 

watc h bein<^ nearly run down, tiie arc of vibration of the balance 
becomes smaller.' the time of vibration is not appreciably 
altered Tlie balance continues to vibrate at the same rate 
whatever its amplitude, and the rest of the watch is merely a 
contrivance for maintaining the vibrations and counting and 
recording their number. 

33. Proof of the Isochronism of Elastic Vibrations- It 

is easy to see in a general way why elastic vibrations are i.so- 

clironous. 


a' 


O iifra^y'^ri Pratap ColU 




A' 


0 D 


3 


Fig. G. 


Suppose we have two particles, one of which can vibrate 
about an equilibrium position o, and the other about an equili¬ 
brium position 0. Suppose also that the two particles have 
the same mass, and that the same elastic forces act on them 
when they are at the same distances from o and 0 respectively. 
Draw the first particle aside to a and release it. It will 

vibrate between the limits a and o'where oa^oa'. Draw the 
second particle aside to A, where OA=2oa. It will vibrate 

between A and A'. The vibrations of the two particles may 
then be taken to represent two v’ibrations of the same particle, 
one of the vibrations having double the amplitude of the other. 

2-2 
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Divide oa and OA each into the same number of equal 
parts. If the number of parts is very large, each of the parts 
will be very small, and the force of restitution may be taken as 
constant over anyone part, and equal to its average \ aliie over 
that part. Let / be the average value of the force over the part 
ab. Then if m is the mass of the particle, and a its acceleration, 
we know that/=ma or, if the force is proportional to the dis- 
j)lacement. the acceleration is so also. Also, since we are assum¬ 
ing/is constant over the part a6, we may assume that a is 
constant. 


Now it is known that if a body starts from rest with cons¬ 
tant aecelciation a, and moves for a time t, it will pass over a 
space 5 given by the equation s = lat-, or if ab=s, the particle 

will reach b after a time , and wlieii it reaches b it will 

have a velocity at or ,y2as. 

Now consider the particle that was drawn out to A before 
being released. Since OA =2 oa the acceleration will now be 
2a and AH will be 2 oa or 2s. Hence the particle will reach B 


J 


drawn out to a. Its velocit}' on reaching B will be 2ai or 
2^ 2a*\ 


Thus it follows that the two particles reach tlie end of 
their first stage in the same time, but the particle witli the 
greater amplitude arrives with double the velocity. 

Next consider the second stage be. ~ Let V be the velocity 
w.th which the first particle reaches 6 and/S its averar^e acce¬ 
leration over be. Then the second particle reaches B with a 
velocity 2V, and during the stage BC it has an acceleration 2B. 

smee the centre of CB is twice as hir from 0 as is the centre of 
CO trom o. 


Ueknow that if a body has an initial velocity F, and 
moves over a space s with uniform acceleration ^ in time t, 

then From this equation wc can find the time the 

nrst particle takes to pass over the stage be. 
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If we form a similar equation for the second particle, we 
have to replace s by 2.s, V by 2V and (3 by 2 ^, which makes no 
eliamre in the equation, as we have merely multiplied both sides 
bv 2." Thus each of the particles will take the same time in 
traversing tlie second stage, and the process can evidently be 
continued until they reach o and 0 respectively. 0.4 has been 
taken as being twice oa merely for the sake of simplifying the 
equations. The result would be the same whatever multiple 
0.4 is of oa ; the particles would reach their equilibrium posi* 
tions in the same time whatever their amplitudes. It is obvious 
from symmetry that the time the particle takes in moving from 
.4 to b is one quarter of the time it takes in going from A to 
A' and back again to .4, and therefore the time of a complete 
vibration is tlie same whatever the amplitude, or the vibrations 


are isochronous. 

34. Simple Harmonic Vibrations. Such vibrations are 
called Simple Harmonic Vibrations, and are of great importance 
in tlie theory of Sound, as a vibration of this kind, and of this 
kind only, gives the sensation of a pure tone of definite pitch 
with no 'admixture of tones of other pitches. Any other vibra¬ 
tion than a Simple Harmonic Vibration gives rise to a note, 
which can by suitable appliances be resolved into two or more 
tones of different pitch. The note arising from a Simple Har¬ 
monic Vibration cannot be so resolved. We shall return to this 


point later. 

If elastic vibrations had not been isochronous, music in its 
present form would liave been impossible. Suppose, for instance, 
that the law connecting amplitude and number of vibrations 
per second had been that the one was proportional to the other. 
We have seen that pitch is determined by the number of vib¬ 
rations per second, and loudness by the amplitude. We should 
therefore have the result that the louder a note, the higher its 
pitcli It would be impossible to keep the instruments in the 
orchestra in tune with each other, and a crescendo would mean 
a rise in pitch of the whole orchestra. 

35 Geometrical Illustration of Simple Harmonic Vibra¬ 
tion The nature of a Simple Harmonic Vibration can be shewn 
by the following useful geometrical method. 

Suppose a point P moves with uniform speed round the 
civcumfcrcuce of ^ circle of radius d. 
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Drop a perpen(li(\>lar from 
P on any (iiarncter AA' ; then we 
can shew tliat ^V. tlie foot of tlie 
jK-rpemlicular. (iescriljes .simple 
liarrnonic \ihiations in the line 
AA\ 

The radius OP revolves \\ ith 

uniform anjiular velocity whicfi 

we uill d(“note bv w. The aece- 

% 

lerationofP is thereff)re in 
the direction PO. and the accele¬ 
ration of N i.s the component of 
this in the direction AO, or 
cos 0, where 0 is the an^le POA. 
Since 0.\’=u cos $, we can write 


B 


Fig 



A 


the acceleration of X in the form or the acceleration of X 

is proportional to its distance from 0. If X is a particle of mass 
m vibrating in the line .^4/1' in consequence of a force directed 
towai'ils O. the force required to give this acceleration must also 
be proportional to OA', since/' = wa. This relation of force to 
displacement is in accordance with Hooke’s Law, and A" des¬ 
cribes .simple harmonic vibrations. 


The period of vibration of X is the time taken by the 
radius OP to make one complete turn, or 27r/o>. 

Ifis the elastic force when the displacement is unity, 
the force for displacement OX is FxOX, and the acceleration 

The geometrical method gives w^xOxV as the acce- 

Iciation. \^ e can therefore use Fig. 7 to represent the vibra¬ 
tions of a particle of mass m vibrating with amplitude a under 
the action of an elastic force of magnitude F for unit displace¬ 
ment, if we describe a circle of radius a, and make the radius 

OP revolve Mith such an angular velocity that a.*=- • and fur- 

m 

,1 27r 

ther, since ^ , we see that the period of vibration of the 
jwrticle will be 27r * 

\ F 
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This expression is independent of tlie radius. It is the same 
Whativit-the ™.lius of the circle, provide,U has the value 

A Hence this metho.l of treating simple harmonic vibra- 

\/ fn . . • 1 

tiems lea,Is also to the conclusion that their period is uldepen- 
dent of their amplitude, or they are isochronous. 

36 Method of Calculating the Period of Vibration H 

rve hnow F and m in any particular case, we can calculate tlie 

period from the expression We must be careful 

to use a consistent system of units 

instance we use the c.g.s. system, m will be the mass ot the 
vibmiinghody in grammes and F will be the force in .lynes 
reciuired to give a displacement of one centimetre. 

We have taken the simplest case, where the particle vib¬ 
rates in a straight line, and nothing that is moving has an> 
h ertia except the particle itself. We cannot secure this exactly 
in practice but a mass suspended by a light spiral spring ajipio- 
Ldnmtes toit. Suppo.se the mass of the pan and the body 
placed in it is .1/ gm., anrl suppose an adilitional mass m gm- 

causes it to sink n cm., tlien m> gm. would depress it 1 cm. 

The force with which m/n gm is attracted to the earth is mj, >i 
dynes, where g is 981 cm. per second per second. 

Conseciuciitly the period of vibration of the mass is 


V 


mg 


If the period calculated in this way .s compared with he 
period observed directly, it will be found to be a little too 
Lall as we have underestimated The spring is moving, 

and adds something to the inertia. The lowest part of the 
sprimr moves as mucli as the suspended body and the higliest 
X doe.s not move at all. It is plain therefore that we ougdit 
to ad 1 something less than the mass of t!m whole spring to tlie 
mas.s of the body. It can be shewn that one third the mass of 

the spring should be added. , . , , 

Tbp force required to aive unit deformation of any kind to 
any called the for the 

particular body and the particular kind of displacement. 
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The expression we have found for t will give the period of 
elastic vihrations of any kind, it' F and M are suitably express¬ 
ed. F w ill not always be a simple force, and J/ will not aiwa 3 's 
be a mass. Suppose, for instance, a body is hung by a wire, and 
is turned round so as to twist the wire a little. When it is re¬ 
leased, it will perform rotational vibrations ; the wire twisting 
lir.st in one direction and then in the other, whilst its axis re¬ 
mains at re.st. In this ca.se the coefficient of elasticity' F with 
which we are concerned is the couple that will twist the end of 
the wire lhroui;h the unit angle ; and the inertia term is the 
moment of inertia of the suspended body about its axis of ro¬ 
tation. • 

37. Method of tuning an Elastic Body. In all cases tlie 
greater F is, or the “stiffer” the body is to displace, the less t 
will be : and the greater the inertia, the greater t will be. 

It is u-seful to remember this wlien we have to tune a vib¬ 
rating body. A tuning-fork gives a good instance. In this case 
the bending which gives rise to the elastic forces is chiefly at the 
ba.se of the prongs, and the motion is chiefly at the free ends. 
If then we scrape or file the prongs near the base, we shall di¬ 
minish F without making much change in M, and so shall lower 
the pitch. If on the other hand we file the prongs near the free 
ends, we shall diminish the inertia without altering the elasticity 
much, and shall raise the pitch. This is the usual method of 
tuning a fork. If we wish to lower the pitch of a fork tempo¬ 
rarily. we can do it by sticking a.little wax on the ends of the 
prongs, and so increasing the inertia. 

38. Period. Amplitude. Phase. The three main charac¬ 
teristics of a simple harmonic vibration arc its period, its ampli- 
tilde and its phase. 

We have already defined the period as the time occupied 
by one complete to and fro vibration. 

The amplitude is one half the extreme range of the vibra 

tion. or the distance between the equilibrium position and 

<uther of the points at which the vibrating particle is momentari- 

Jv at jest According to this definition the amplitude of in 

i’lg. I IS OA or a. 

tho state of 

the Mbratmg particle as regards its position and its direction 
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of motion at that moment. Whenever, for instance, the foot 
of the perpendicular in Fig. 7 is passing through a particular 
point, and is moving say from right to left, it is in the same 
phase. The radius OP rotates uniformly in the same direction, 
and the position and direction of motion of N is known, it 
the position of OP is known, and hence the phase can be 
measured bv the aiKiled. The term phase is most commonly 
used in speaking of the ditferenee of phase between two points 
vibrating with tlie same period. If they are imagined both 
to be vibrating in the line^.-t', though not nece.ssarily with 
the same amplitu<!e, each will have its rotating ra< lus ; an 
since the particles have the same period, the rotating radii 

must complete one circuit in the same time making a constant 

angle with each other, and this angle measures the difference 
of phase. 

The fraction this angle is of the whole circuit is the fraction 
of a period that one particle is behind the other. If for instance 
the angle is !10\ we may say that one particle is a quarter of a 
period\)ehind the other, and this is the most 
expressing difference of phase. If expressed as an angle the 
difference of phase would be said to be 7r/2. 

If the particles pass through their equilibnuni position at 
the same moment but in opposite directions, they differ in 
phase by half a period, or, as it is often expressed, they are in 

opposite phase. . , ^ 

IQ The Sine Curve. The position of the particle N at 
any fi^ne can hrsher'by a cLvc as follows^ Divide the 
circumference of the circle into any number of equirl parts 
beginning at iJ, and going round the circle in the direction 
PAB'A'. Take a straight line of any length and divide it into 

the same number of equal parts. 

As P moves with uniform speed, each of tlie 
which the circumference is divided will be traversed in the same 
limrand the points marking the ends of the division may be 
regimled as making a time scale. If a perpendicular be -Irau n 
to L' from the end of each division, and the distance from O 
of that foot of tlie perpendicular be measured, we shall liar e tlie 
displacement of iv\t the ends of a series of equal intervals of 
tinJe Now transfer the displacement corresponding to each 
dividing point on the circle to the correspondmg dividing point 

C/jfef Librarian 
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('ll the straii/lit line. If is to tlie right pf 0, draw an ordinate 
c(jual in length to this displacement upwards from the corres¬ 
ponding dividing {joint on the straight line. If .Y is to the left 
(Iraw the orflinate downwards. I3raw a smooth curve 
through the ends of the ordinates and we shall get a curve such 
as that shewn in Fig. S. 



Fig. 8 


The curve is drawn only for one complete vibration, but 
it could evidently be continued indefinitely to the right to 
repre.sent any number of vibrations. The eurve enables us to 
find the {josition of the point at any time, for distances mca.sur- 
ed along the horizontal line from A are proportional to the time 
elapsed from the moment when the particle was passing through 
its equilibrium position to the right, and the ordinate at the 
point corres{)onding to any given moment shews the displace¬ 
ment at that moment—to the right if the ordinate is above the 
axis, to the left if it is below. 

The eurve is known as the Shie Curve, for if the maximum 
ordinate is of unit length, and the length .dfJ is taken to 
re{)re.sent 36(»*, the ordinate at any point in the line will give 
the sine of the angle corresponding to that point—the sine being 
positive when the ordinate is above the axis, and negative when 
it is below. 

40. Relation of Velocity to Displacement- The velocity 
of the vibrating particle when passing through any point of its 
path can also be slicwn by a sine curve. 

Referring to Fig. 7, it will be seen that, at the moment for 
which the figure is drawn, the velocity of N is the component 
of the velocity of Pin the direction TO, or t» sin B- Hence 
since V is constant, the velocity of K is proportional to sin $ and 
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SO can be shewn by a sine curve. Tlie curve will be displaced 
a quarter of a peri<Hl to the left as 
oornpared with the displacement 







Fig. 9 


rice versa. ihe two cur\es aic -'’'tnagtir 

shewn in Fig. 0, wliere points in the 
same vertical line correspond to the 
same moment. In the lower cur\e 
ordinates above the axis denote 
velocities to the right, and ordinates 
below the axis denote velocities to 

the left. 

41 ComDosition of Simple Harmonic Motion with 

r^cu“ mJed" iilr In- 'a'pfiKicJ^tInch' 
vibrations, and has at the same time some other motion 

pressed on it. 

The simplest instance is the case where the particle executes 

its harmonic vibrations in one line, and is at 

Xitl. u..iform velocity in a .lirection at v.gh angles to 
that of the vibrations. We can realize tins case and trace the 
requircfl curve in the following way. 

Fix a bristle or wire to the pr ong of a tuning -fork by a 

small piece of wax, and, 
whilst the fork is vibra- 
ting, hold the end of the 
bristle against a sheet of 
paper, whicli has been 
smoked with burning jq 

Th'fbHstie-will Imce on tl.e paper a straight line w ho.se leiigth 
si ews the ranee of vibration of the fork. Now draw (he fork 
u^formlv in the direction of its own length and instead of 
a straight line we shall get a sinuous curve on the paper. 

From what has been sai.l before it is clear that, if the 
fork is moved with uniform velocity, tlie curve wdl be a sine 

curve. 



y«. 
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Thestraijiht line that would have been traced by the fork, 
if the prone's liatl not been vibrating, is the axis of the curve. 
Equal elistanees along the axis correspond to equal intervals 
of Time, and the ordinate drawn from any point of the axis to 
the cur\'e gives the displacement of the prong at tlie moment 
determined bv the position of the foot of the ordinate on the 
axis. 

This method of converting a simple harmonic vibration into 
a sine curve forms the basis of one of the most accurate 
methods of Hurling the frequency of a tuning-fork, as will be 
seen later. 

42- Composition of two Simple Harmonic Vibrations at 
right angles. Eet us next find what curve we shall get by 
compoiiuding two harmonic vibrations in lines at right angles to 
each other. 

We can construct a curve that is approximately compounded 
of two simple harmonic vibrations by means of the apparatus 
shewn in Fig. 11 and known as the Harmonograph. 

-I aiul are two pendulums suspended so as to swing in 
planes at right angles to each 
other. Each pendulum is con¬ 
tinued for a few inches above 
its point of support, and at the 
top of each a light horizontal 
lever is attached by a flexible 
joint. These levers C and D are 
joined together at E" by a flexible 
joint, and a pen is attached to the 
joint. If the pendulum A is alone 
set swinging in the plane of the 
paper, the joint E will execute 
approximately harmonic vibration 
from right to* left. They will not 
harmonic for the top of 
the pendulum B is at rest and the 
joint E must tlierefore describe 

small arc.s of a circle round it, but if the levers C and D are 
10 or 2 inches long and tlie arc of vibration of the pendulum 

purpose ^ enough harmonic for our 
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If B is set swinging in a plane at right angles to tlie plane 
of the pailer and ^ fs at rest,"the pen wdi vibrate harmonically 

n a direction at right angles to its former direction. 

If Lw both pendulums arc set swinging, the motion of the 

pen wrnbLompoUded of the two motions, and a curve will 
be traced out on the table. If we give an extended meaning 

sri-sss .t 

If a particle, When vibrating in the hne OB, ^^oulcl lia\c 

at some moment a displacement OP, ^ 

and a vibration in the direction 00 
would give it at the same moment 
a displacement OQ, then its actual 
displacement at that moment must 
be OB, if each of the components 
has its full effect. We may imagme 



Fig, 12. 


Has its lull ertect. >ve ^ 

the p. r iele to vibrate in the line OF, ancl at the same time the 
uie p.uii«.*c b no n wavs remaining 
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in I'ijr. 13 ^vith uniform sprcd, and PA’.PA" are the perpendi- 
culars from F on two diameters at riglit angles, then A and A' 
de.'dihe .Sim[f!e Harrnonie Vibrations in their respective 
diameters. Their displacements at tlie moment for which the 
liLiMre is drawn are O.V and 0*V' and OP is the displacement 
;iot i>v eornpouiulin^^ OS and OS' hv the Parallelogram Law. 
'J’his evifletiflv holds for every position of P, and therefore the 
motion of P may he regarded as obtained by compounding the 
vibrations of -V and -V'. These vibrations have the same 
amplitu<le and peri<>d, but didcr in phase by a quarter of a 
period. believer we have these relations between two per¬ 
pendicular .simple harmonic vibrations their re.sultant is uniform 
motion in a circle. 


If the amplitudes are not the same, it can be shewn that 
the curve is in geneial an ellipse, the direction of whoso axes 
depetuls on the relation between tlie ])hascs of the constituents. 
In the particular cases in which the phases are either the same, 
or differ by lialfa period, the ellipse degenerates into a straight 
line. 

If .-I*-!' and BB' represent the direi-tions and amplitudes of 
vibration of the two constituents, the curves in Fig. 14 she\v 
live forms of path of the pencil. In Xo. 1 the two constituents 
may be said to be in the same phase. When the pencil is 
pa.>Jsing through 0 towards the right under the influence of one 
vibiation. it is passing upward.s through 0 under the influence 
of the other. In Xo. 2 the difference in phase is between zero 
and a (juarter period. No. 3 shews the case where the differ- 





4 5- 


Fig, U. 
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once of pliase is a quarter period. The ellipse is then symme¬ 
trical about the lines of vibration of both constituents. In 
No. 4 the difference of phase is between a quarter and a half 
period, and in No. 5 the two vibrations differ in phase by half 

a period. 

44. Composition of two Simple Harmonic Vibrations 
of nearly equal periods. If tlie periods are very nearly, but not 
(piite equal, the curve de.scribed during a .single complete period 
of the vibration will be approximately an ellip.se; but one of 
the vibrations will slowly gain on the other, and the dilTerenee 
in phase will chance slowly. The curve will then pass through 
the .series of form.s in Fig. 14. Beginning say with No. 1, the 
line will slowly open out into an ellipse, the curve will pa.ss 
through the forms 2, 3 and 4 to the .straight line 5, and then it 
■svill pass tlirough tlie series in the opposite direction until it 
reaches No. 1 again. If the amplitudes remain constant the 
curve will always touch the four sides of a rectangle witli sides 
equal and parallel to .4.1' and BB'. 

When the cur\'e has passed fi-om 1 through 2, 3 and 4 to 
5, and hack again to 1, the phases have returned to tlieir 
original agreement. Consequently one of the pendulums must 
have gained exactly one vibration on the other. This gives us 
a means of comparing their times of swing,^ for if we find, for 
instance, that the curve changes from 1 to 5 and back again to 
1 ill one minute, we know tliat one pendulum makes one 
complete vibration per minute more than the other, or the 
frequency of one is one-sixtieth of a vibration greater than that 
of tlie other. This method has been much used in comparing 
the frequencies of tuning-forks, as will be seen later. 

45 Lissajous’Figures. The curves of Fig. 14, and those 
obtained when tlie frequencies of the constituents have other 
aliquot ratios than 1 ; 1, arc known as Lhsajons' Figures. 

\We will take as our second illustration the case where the 

frequencies are in the ratio 2 :l. We then get in general a 

figure of 8, degenerating into a parabola for certain relations 
of phase of the constituents. The relationship between the 
pliLs cannot in this case be expressed shortly, as is the case 
when the ratio of the frequencies is 1 • 1, for even the though 
ratio is exactly 2 : 1 the difi'erence of phase is not constant. A 
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vibration in one direction is completed m half the time of a 

vibration in tlie direction at right an^hs to it, and therefore, 
even though the two vibrations start in the same phase, they 
imrnediatelv come into phases differing from each other. Ihe 

term diffeience of pliase can in fact hardly be said to be appli¬ 
cable to two vibrations, unless they have the same or very 
nearly the same period. 



Fig. 1"> .shews five forms of Lissajous’ Figures for the ratio 
of frequencies 2 : 1. The parabolic form of the first and fifth 
arises «iien tiie phases are sueh that the vibrating point comes 
to the end of its swing in each of the two perpendicular diree- 
tions at tlie same moment. If the ratio is not exactly 2 . 1 the 
curve will cliange gradually back and forwards through the 
series of figures of Fig. 15. 



Fig. 16 shews the symmetrical and the degraded form for 
the ratio 3 : 2. 


The vibration ratio of tlie constituents of any of these 
figures can be found by inspection. In the first curve of Fig. 16, 
for instance, the curve touches a horizontal side of the rectangle 
three times and a vertical side twice. It follows that the 
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tracing pen makes throe vibrations in a vertical direction in the 
time it takes to make two in a liorizontal direction, or the ratio 

is 3 : 2. 

When the method is applied to one of tlie degraded forms, 
it is to be remembered tliat tlie complete path consists ot tlie 
curve described twice, first in one direction and tlien in the 
other. Where tlie degraded curve comes to a corner of the 
rectan"le, it must be reganled as tomdiing each of the adjacent 
sides once, and when it has a side of the rectangle as a tangent, 
it mu.st be regarded as touching that side twice. 

46 Optical method of compounding Simple Harmonic 
Vibrations. Lissajous’ Figures can be prorluced optically by 
means of two tuning-forks. Each fork has a small mirror on 
the side of one prong. One fork A has its prongs verticid, and 
the otherhas its prongs horizontal, as shewn in rig. 1 /. A 
beam of light from a small source strikes the mirror on the 
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prong of the vertical fork, is reflected to the prong of tlic hori- 
LntS fork and thence to a screen C wliere it is brought to a 
focus by the lens L. If the fork A alone is vibrating, the spot 
on the screen describes harmonic vibrations so rapidly that only 
a bright vertical line of light is seen. If the horizontal fork/i 
alone vibrates, the spot describes a horizontal line. It both 
forks vibrate the two vibrations of the spot are compounded, 
and if the periods of the forks bear some simple ratio to each 
other one of Lissajous’ figures is seen on the screen. 


c. s. 
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CHAPTER III 


transverse waves 

47 Tntroductorv I» H've discussed the niolion 

of. ■il.lop.Hfc" c.x.Ltin, Simple Ha,monic- Vibrat. 0 , 1 . .> 
Uu- ...e-;,,, ('l.apter we shall ecsicle.' the way .n wh,eh wate 

arises IVom the sin.„lta,,eo,.s 

tnrticlc^ We shall take as simple a case as possible, and the 
nosdbilitv ot'the motion to be described must be assumed. I 
c-iii be‘^llewn thcorcticallv to be a possible term of motion of, 
f,'„- ioatnoee. enoseeutive sh<>,t seetics of a 
but the methorl of proof is beyond our scope. At a latci stage 
In the clmpUM- experiments . ill be described which are cons.s- 
teT,twith ou, co,I, h,sions, but cauiiot be taken a complete 
proof of the (OiKclmfs of the arsumptions. This chapter mis 
he reganleil rather as a ileseription ol the properties of tians- 
verse waves than as a logical ilerluction of those properties Irom 

the laws of elasticity. 

48 Waves arising frem the Hat monk Vibration of a 
scries of particles- Let us suppose we have a scries of 

iihueil at Cl,,. '1,1 distances from each other along a straight line, 
and'ciu lira, able of vibrating harmonically m a direction at 
right angk.s to that line, the lines of vibration all lying in the 
same plane. 



Imaizinc the particles to be vibrating with equal periods 
and amplitudes, and in sucli phases that each is some constant 
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fraction of its period behind the particle on its left. There is 
then a constant difference of phase between any two consecu¬ 
tive iiarticles, the retardation of phase increasing as we go from 
left to right along the series. Suppose, for instance, that each 
is one eighth of a period behind its left-hand neighbour, ana 
that at the moment we are considering particle 1 is passing 
downwards through its equilibrium position. Then since 2 is 
one ei‘dith of a period behind 1 , it will not have reached its 
equilibrium position, but will be moving downwards towards it. 
Its position can be found graphically from a diagram similar to 

Describe a circle with radius* equal to the amplitude of 
vibration of each of tlie particles, /| 

and draw a diameter P 3 P,. r> 

The motion of any particle ft ^ 
of the series is given by the / \ 

motion of the foot of the per- / / \ 

pendicular drawn to the dia- / P 

meter P.P-, from the end of a -- ] 

radius which revolves with uni- \ / / 

form velocity. \ / 

The particle 1 is passing \ / \/ 

downwards tlirough its equi- 

librium position and is therefore — 1 — 

represented by tbe foot of the . rj 

perpendicular from Pj. the radius , 

OP revolving in the direction of the liands of a clock. Particle 
2 is an eighth of a period behind 1. Its radius is therefore 
OP,, which is an eighth of a complete revolution, or 45®, 
behind OP, and OiV is the distance of 2 above its equilibrium 
position. Particle 3 is 45® behind 2. It is therefore at a 
distance OP3 from its equilibrium position, and is momentarily 
at rest Particle 4 is at a distance OxV above the axis and 
is moving upwards. Particle 5 is moving upwards through its 
equilibrium position. Particle 6 is at a distance O'N below, 

and is moving upwards, and so on. 

\\’hen the radius reaches Pj again, we begin, a second 

round of the circle ; Pg is at Pj, Pk, at P 2 , etc. 

•(Fig. 10 is drawn on a larger scale than Fig. 18 for the sake of 
clearness.) 3— 
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All tlie particles between 3 ami 7 are movitif: upwards, and 
all tiiose between 7 an l 11 are moving downwards. 3, 7 and 11 
are at tlie enrls ot their swing.san<l momentarily at rest. 

Tims it appears that at the moment we are considering the 
particles will lie along a curve such as Is shewn in Fig. 18, and 
it is eviflent that this is the sine curve, for tlie method by which 
we have dra\Mi it is the same as that by which we drew the 
sine curve. 


49. Velocity of the Waves- Next let us consider where 
the particles will be at a moment one-eighth of a period later. 

1 will have mf>ve<! downwards below its equilibrium position. 

2 will have reaehc<l its equilibrium position and be moving 
downward.s throui.'h it. 3 will have moved downwards from the 
end of its swing and will be as much above the axis as 2 was 
one-eighth of a period earlier ; 4 will have reached the end of 
its swing, and so on. 

Each particle uill have come into a position corresponding 
to that occupied hy its left-hand neighbour one-eighth of a 
period earlier. Particles 4 and 12 will now be on the crests of 
the waves instead of 3 and 11, and 8 will be at the bottom of 
the trouiih insteafl of 7. In fact the whole curve has move<l to 
the right hy an amount etpial to the distance between two 
])articlos. 

Thus we see that, when a series of particles execute similar 
simple harmonic vibrations with constant difference of phase as 
we pass along the series, the result is a wave in the form of a 
sine curve travelling in the direction in which we find a gradual 
retardation of phase as wc pass along the particles. 

If in passing along the particles in the onler 1, 2, 3, 4, etc., 
wc had found a gradually advancing phase, the result would 
have been similar. The particles would lie as before along a 
sine curve, but the waves would travel towards the left. 


Let us next find with what velocity the wave travels. We 
saw that in one-eighth of a period the crest moves from 3 to 4. 
In what time will it travel over one whole wave-length ? fVe 
take as a ivave-Ungth the distance between any particle and the 
nearest particle that is in a corresponding position. 1 and 9 
for instance are a wave-length apart, as are also 3 and 11, We 
must not take 1 and 5, for, though they are both passing 
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through their equilibrium position, 1 is moving downwards and 
5 upwards. 

Let us choose in particular 3 and 11. It is evident from 
wliat we said above that the crest which is now occupictl by 3 
will be occupied by II after one whole period, anfl the wave 
will travel one wave-length in the time taken by any one par¬ 
ticle to execute one complete vibration. 

50. Relation between Wave-length and Velocity- Now 
the velocity of the wave is the distance it travels in one second. 

Let T be the period of vibration and A the wave-length, then 
tlie number of vibrations a particle makes in one second is 1 /t, 
which we denote by n, and the distance the wave travels in one 
second is n7\, whence we have the formula 

v = n7\. . 

Tlie quantity n is what we have called the frequency, and fle- 
notes either the number of vibrations executed by any one 
particle in a second, or the number of waves passing a given 
point in a second. 

The formula v=n7\ is frequently used in acoustical calcula¬ 
tions, as it gives the relation between three important charac- 
teristics of a wave train. It is sometimes more convenient to 
use the equation in the form 7\ —ft. 

51. Non-Harmonic Waves- In finding the wave form of 
Fig 18 we have supposed that each of the particles is vibrating 
liarmonically. We have done this because, as has already been 
said, the simple harmonic vibration must be regarded as the 

fundamental form in the theory of Sound. It is not however 

necessary to limit ourselves to Simple Harmonic Vibrations. 
We shall get a progressive wave—though not in the form of a 
sine curve—if the particles all vibrate in the same way, what¬ 
ever that way may be. .The vibrations must be periodic, that 

is each particle must continue repeating the same succession of 
movements, and there must be a regular change of phase as we 
pass along the series. As we cannot represent a non-hannonic 
vibration'as the projection of uniform circular motion, we can¬ 
not express the ditference of phase in this case by an angle, but 
we ma}' express the relations of phase by saying that each 

particle must pass through its equilibrium position some fixed 

fraction of a period later than its left-hand neighbour. 
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For the present we sliall confine ourselves to Simple Har¬ 
monic Vibrations and leave the more complicated forms until we 
have discussed Fourier’s Theorem. 

Wax es such a.s have been described are called Transverse 
irorcs. because eacli particle vibrates in a line transverse to the 
direction in which the wave travels. In Chapter I\’ we shall 
ilescribe a form of waves called Longitudinal Waves, where the 
line in wliich the particle vibrates is coincident with the direc¬ 
tion in v hicli the wave travels. 

52. The Medium does not travel with the Waves. It 

should be noted that in these, as in all other waves, the vibrat¬ 
ing j)articles do not travel with the xxaves. Every particle of 
air, cu- water, or string, or whatever it may be that transmits 
the waves, travels repeatedly over the same limited path, and 
what pas.ses on is a sha'pt or arrangement of the particles. 

When waves are passing over the surface of water, floating 
bodies do not travel with them. A cork merely describes a 
small closed curve as the waves pass it. from which we see that 
it is not the water itself xvliich travels onwards, but the shape 
of tlie .surface. 

*53- The Equation (or Simple Harmonic Wave Motion. 

The ccjuation of the Simple Hjirmonio Wave of Fig. 18 can be 
obtained in the following way : 

We shall represent the motion of any particle of the series 
as before by the motion of the 
foot of the perpendicular drawn 
from the end of a uniformlv 
rotating radius on a fi.xed dia¬ 
meter of a circle. In order to 
bring the equation into its mo.st 
usual foi'm we shall measure tlie 
angle 0 from the diameter AA'. 
but drop the perpendiculars on 
the diameter BB’. 

We have then the displace¬ 
ment OiVr=a sin 0, and as 0 in¬ 
creases uniformly with the time, 
we may write 0 = a,^ whence 





B' 

Fig. 20. 
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y^-^a sin where y is the displacement of a particular partK-le 
at any time /. Every otlier particle executes exactly similar 
vibrations, but the phase is uniformly retarded as we pass to 
ilje rigljt along the row of particles, lhat is to say, it x is the 
distance measured towards the right from the particle wliose 
motion is given by //=n sin to some other particle, the angle 
0 for this other particle will be smaller by an amount propor¬ 
tional to ;r, say irr, whereis a constant, and tlicreforc this 
second particle's motion will be given by y = a sm — 
This equation applies to any particle of the series, including 
that for which ar=0, and is therefore tlie genera! equation giving 
the displacement of any particle at any time, or the equation 

of the wave. 

The period of vibration t of any particle is the time taken 
bv the radius OP in making one revolution, and i.s therefore 
2^,(0. It follows that ai = 27r T, or, since we have 

w = 2-nri’;'7\. 

If we pass from any one pirticle through a distance A along 
the series, we shall arrive at a particle in the same pliase as 
tliat from wliich we set out. for everything recurs after a wave- 
lengtli. It follows that if x changes by A, Q must change by 
27r or I’A‘=27r, from which relation we get /: = ’2n- A. Inserting 
tlie values we have found for and k we find for the equation 
of a train of harmonic waves 


y—a sin 


27r 


{vl—x). 


54. Transverse Waves on a Stretched String. We sliall 
next describe a method by which waves such as tliose wliicli 
have been described can be shewn experimentally. 


Take an indiarubber cord or tiuck-walled tube, say 15 ft. 
long. Fix one end to the wall, and holding the other end in 
the'liand, stretch the cord, until it is nearly horizontal. Its 



Fig. il 
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■weight will eause it to droop somewhat in tlie middle but this 
wilFnot afTcct the results. Supj)oscis tlie fixed end and 
is the cm! that i.s held in the hand. 

Move the end that is in the hand rapidly a few inches 
above .1. then the same distanee below A, and finally bring it 
back to re.st at .-I. The end has then executed a vibration 
which approximates more or less closely to a harmonic vibration. 
One comj)letc wa\e consisting ot a crest and a trough will 
be seen tci Tun along the cord to the fixed end, where it wil 
be reflected an<l run back to the hand. At the hand it will be 
reflected ajiain, ami will run back and forwards several times, 
until the imperfect elasticity of the cord causes it to die away, 
Assuming from thi.s experiment that a wave can travel along 
such a stretched cord, we can find its velocity. 

55. Velocity of waves on a Stretched String. Let us find 
what forces act on a short 
piece PQ in the front half 
of the wa\e of Fig. 21, 
taking the tension in the cord 
to he T. As the tension is 
the same everywhere, the 
element PQ will have a 
force T acting on each end in 
the directimi of the arrows, 
ami as these two forces act 
along tlie tangents at P and 
Q and are therefore not exactly in the same straight line, they 
will have a resultant along the line AO bisecting the angle 
between them. As PQ is very short, we may assume it is part 
of a circle. Draw the radii of this circle PO and QO meeting at 
the centre of curvature, and resolve the two forces along the line 
AO. If the angle POQ is denoted by 0. the resultant of the forces 
will he 2T cos 0.4P or 2T sin 1$. •Since 0 is very small we may 
write lO for sin 1$. and the resultant force due to the tension is 
therefore equal to 7'$. Imagine the string to be enclosed in a 
smooth tube of the shape of the wave, and to be at rest. Tlieii 
the force T$ i.s balanced by the resultant pressure of tlie tube in 
the direction 0*4. Now let the string be drawn through the 
tube towards the left with a constant velocity v. The small 
jiieec PQ is now moving in a curved path, and there is therefore 
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my-V. 


a resultant force on it due to its motion and equal to 
where m is the mass of the clement and r the radius ot 
curvature of its path at Hence the force exerted by the 

tube on the element of the string is now Td~mv-,r. Suppose 
now the velocity is so adjusted that the tube exerts no lorce 
on then = or Let p l>e the mass of 

unit length of the string, tlien m the mass of PQ is pi Q or prS, 
and therefore 


1-8 = 


T 


I 

The element of string that we are considering now exerts 
no force on the tube. As the expres.sion for tlie velocity which 
secures this result does not contain r, but only I and p, ^^hlch 

are the same for every element of the string, it follows that 

there is no pressure on any part of the tube. . , , . 

Tlie tube is therefore not needed to maintain the shape oi 
the string, and can be imagined to be removed without making 
any change in the motion. We have then the string running 

rapidly to the left, and the wave form in equilibrium, and at 

rest relatively to surrounding objects. That is the same 
as saving that the wave is running along the string, the 

string is at rest, and the wave is started running along it, it 

will travel with a velocity P. as any otlier velocity would 
require the contiiuiou.s application of external forces to prevent 
the form and amplitude of the wave changing as it progresses. 
Thus a/'J' P is the only velocity that is consistent with the wave 
travelling along iinehangcd without constraint, as experiment 
shews that it actually does. 

It follows from this expression that the velocity of a 
transverse wave along a stretched string depends only on the 
tension and the mas.s per unit length of the string and not on 
the wave-length. Waves of all lengths travel with tlie same 
velocity, provided that T and p remain the s.yne. 

56. Wave-length and period of vibration in a stretched 

string We saw bv ecaisideration of lig. IS that If 

wf substitute the value wc liave just found for r we find 

P . Thus T, the period of vibration of a small element 
of theYtring, is not independent of the wave-length. It is easy 
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to sec that this must h? the CISC, for the shorter the Wiive for 

a amplitude, the ■'reiter will be the curvature of the 

strinjr : and the L^rcater the curvature of the strin^r. the ^rreater 
will he the resultant of the two forces at P iim\ Q in Fig. 22. 
Heiice tlio rcstorinir force is greater for a short wave than for 
a hnjii one, and the period of vibration of a particle is less 
when a short wave is passing over it than it is when a long 
wave is passing. 


57. Superposition of Waves. Let us now return to our 
sfrotehed eord ami make another experiment. Send a wave 
along the eord. and just as it i.s reflected from the flxed end, 
semi another alomi to meet it. They will meet in the middle of 
the eord ami will be .seen to passthrough eaeh other. Eaeh will 
go otj its way fpiite undisturbe<l exee])t at the moment wlien it 
is passing the other. At that moment the two waves cannot 
of course exi.st .separately, for the eord cannot take two diflerent 
sha[)es at once. In order to riml the actual shape of the cord 
we pjoccod in the same way as we did in constructing Lissnjoiis’ 
Figures. The procedure is simpler iti this ease for, since the 
dis|>laeements are in the same straight line, their resultant is 
.simply their smn or rlilTerence. according as they are in the 
same or opposite directions We may regard this as a limiting 
ease of the Parallelogram Law, where the angle between the 
tw(» displacements is zero. 



Fig. 23 

Suppose tlie thin continuous curve in Fig. 23 represents the 
shape the cord would take at a p.irticnlar moment if only the 
reflected wave were present, and suppose the dotted curve 
represents the shape of the cord if the reflected wave were 

not present, and we had only the direct wave that was sent to 

meet it. 

# 
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The shape of the string when both waves are present is 
found as follows. At any point draw an ordinate at ii«iht 
ancles to the undisturbed direction of tlie string and long 
enSuch to cut hotlf curves. Let ordinates measured upwards 
be considered positive, and those measured downvaids negat.xt. 
Now add the ordinates of the two curves at the point 
taking account of their sign, and mark the pomt tliat ha^ an 
ordinate equal to their algebraic sum. At A, for instance, ti n 
ordinate of tiie dotted curve is AB, and that of the full tune is 
AC A B is positive and AC is negative. 1 heir algebraic sum 
is therefore the diflerence of the two lengdhs 4/i and AC. and 
irnositive since AB is greater than AC. Thus ^ve have to 
inii-k .1 point D Ijotween .4 anti IS. sucl. that AD 
eiice l>c.t\veen AB ami AC, or to reduce the or<hnate AB h> an 
amount 74/) equal to .1C. D will be a po.nt on the curve 
aetiiallv assumed by the string at tl.e momen considered. A . 
E both ordinates are downwards, and the ordinate icqnmi s 
EH, such that EH = EF+EG. Proceed m the same «a% at a 

number of points along the string, and dra« a smooth (iii\i 
tlirough tlie emhs of tlie ordinates obtained by adding a ge n.ii- 
eallv Uie ordinates of the two curves to he compoiinded. fhe 
curve so obtained gives the actual shape of the string at tlie 

moment we are comsidcring. It is shewn by the heavy ciine 

in Fig. 23. , . av <• 

«i8 Reflection of Waves at the end of a string. \\ e must 

next^lLk more closely into what happens wlien the ^^a^c is 
reflected at the fixed end of tlie cord. 

Shake the end held in the hand in such a way as -send 

."i .i.. 

crest first, it will return trough first. 

We may mention here, for the sake of completeness, though 
the fact has little practical importance 

that if tlie reflection is from tlie free end ar a 

this change A crest returns as a crest and a trough as a 

trough. This can be shewn by letting the <^ord hang 

downwards, with the upper end held in the ‘ ^ 

end free. If the hand is moved so as to send a crest doNMi 
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ri^'ht-hanil side of the cord, for instance, it will return from the 
free end as a crest .still on the right. We shall meet later with 
an analogous and important difference between the reflections 
of an air-wave at the closed and open end of'a pipe. 


It is easy to .see that there mu.st be some such 
<lifference between the reflection at tlie flxed and the free 
end. Suppose li (Fig. 24) is the free end and the crest is 
just rcaehinii it. /? will be pulled to the right by the 
arriving wave, and as it is free to move, it will acquire 
a velocity to tlie right, just as thougli it had been moved 
to the right by the hand, and so will send back a crest to 
the right. 

When B is fixed this cannot happen. Whilst the first 
lialf of the crest is arriving, B would, if free to move, be 
moving to the right. But B is fixetl. and we may there* 
fore regarfl it as having also at each i nstant a velocity 
equai and opposite to that due to the direct w'ave. Thus 


A 


B 


wliilst a crest is arriving at B a trough is also leaving it. Fig. 24 

49. Method of finding the position of the reflected wave. 

We can find tlie po.sition at 
any moment of the wave 
reflected from a fi.xetl end by 
the following construction. 

Let AB he the position 
of the imdisturhed string, 
the end B being fi.xed. Sup¬ 
pose one complete wave has 
been sent from A, and at the 
moment considered it has 
reachefi tlie position shewn by the full line. This line does not 
give the shape of the string at the moment in question, for part 
of t he wave has already been reflected, and the reflected part has. 
to he eompoundefl with the arriving part to give the shape of the 
•string Imagine the arriving part of the wave to be optically re- 
flectec twice First reflect it in .4 B. We thus get Fig. 25 con¬ 
ceited into Fjg. 20, No. 1. Next reflect the curve in Fig 26 
Ao. 1 m CD and w e get Fig. 26, No. 2. The continuation of this 

cur\ e to the left of CD gives the position of the reflected part 

ot the wave at the moment we are considering, and if we com* 
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poiinrl it with the arriving part of the wave, we shall get the 
actual shape of the string at this moment. In order to shew 

iC C, 



li) 

Fig. 2e 

the application of the method we shall pass at once to the 
important case where a continuou.s train ot waves tia\els tf) 
the fixed end of the string and is reflected there. 


A 


Fig. 27 

60. Superposition of the direct and reflected waves. 
The continuous curve between A and B represents the train of 
waves travelling towards the fixed end B, where they are reflect¬ 
ed. The curve between B and C is the curve obtained by the 
double reversal of the arriving waves. The dotted curve 
between A and B is the continuation to the left of the curve BC\ 
and shews the position of the reflected train at the moment 
for which the figure is drawn. If the full and dotted curves 
between A and B be compounded by adding their ordinates as 
described above, we shall get a curve which represents the 
actual shape of the string at this moment. 

At B the ordinates of the direct and reflected eurve.s are 
equal and opposite, and the ordinate of the resultant cmve is 
consequently zero at this point. This must obviously be the 
case, as the point B is fixed and cannot have any displacement. 
Now remembering that the direct curve is moving to the right 
and the reflected curve with its imaginary extension to the 
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ri'.'ht of B is moviti« to the left, it is clear that DD and BE will 
aluavs be e([nal and opposite. At the moment for which the 
liL'iire is drawn J) and E are both moving towards B. 

Wlicii F reaches B from the left Q will reach B from the 
liL-ht and both constituent curves will have zero ordinate. A 
little later D \sill be below B, and E will be above, but always 
bv t lie same amount. Assunung as the result of experiment 
that a I rain of waves is reflected from the fixed end, and 
observin-i tliat the direct and retlected train must always com- 
piaiixl to zero at B. we can. in fact, deduce tiie position of the 
rctlci'ted train relatively to the direct train, and the construction 
just ;.dven is devised to secure that the conditions shall be 
satisfied. No other position for the reflected train than that 
shew ti will give the resultant ordinate at B always zero. 

61. Stationary Vibrations. It will be seen on examining 
the fiirure that B is nne» of a series of points at wldch there is 
jievcr any displacement. These points are marked by circles 
and are obviously half a wave-length apart. 



If the resultant curve is drawn it will be found to be as 
.shewn in Fig 28. It is a sine curve of the same wav’e-length 
as the original waves, but instead of travelling along it remains 
in the same position and merely changes in amplitude. 

\\ hen P reaches B the direct and reflected waves will be 
coincident, and the resultant curve will have double the am- 
plitiule of either constituent. When the direct curve has 
travelled still further by half a wave-length, and B has reached 
B, the two constituents will be exactly opposite ih phase, and 
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tlieir oidinatcs will be evervwliere equal and opposite. Hence 
the resultant curve will be simply a straight line. The string 
will he in its equilibrium position everywhere for the inoment. 

In the same way a number of other positions of the string 
can be determined, and it will be fouml tliat wlulst two 
conscc utive points marked 0 remain at rest, tlie string between 
them takes all the intermediate positions between a crest of 
<louble the lieight of a crest of tl»e direct or reflected wave, 
and a trough of double tlic depth of the trough of a direct or 
retleetcrl wave. 


This mode of vibration of the string is called siationary 
vihrnHon. The points tlnit are always at rest are called nodes 
and the jxntion of string between two consecutive nodes is 
variously denoted a loop, a vnifral seynicnt or a vihiatimj segment. 
The point at the centre of a loop is called an antinode. It is 
easilv seen from Fig. 27 that the length of a loop is half the 
wave-length of tlie original train of waves. 


62 Experimental demonstration of Stationary Vibra¬ 
tions. Stationary vibrations can be readily formed on the 
indiarubber eor<l. Instead of giving an isolated shake to the 
end held in the hand as in the former e.vperiment, keep the end 
in continuous up-and-down vibration, so as to send a train of 
wave.s along the cord. At first the result will probably be only 
a confused motion, but if the rate of vibration be gradually 
ijiereased, it will be found that at .some particular rate the 
string will break up into a number of loops separate{l by nodes. 


If the rate of vibration be gradually increased still further, 
confusion will again ensue, to be followed presently by the 
string again breaking up into loops, but witli one loop more 
than before. We cannot get nodes and loops with every rate of 
vibration of the end, for the wave length depends on the rate of 
vibration, and the string will break up into loops only when 
the half wave-length is an aliquot part of the whole length of 
the cord. 

63. Transmission of energy along a train of Stationary 
Waves- It is to be noted that when the string breaks up into 
loops the hand is at a node, though we have spoken of the 
nodes as points of no motion. The string cannot be absolutely 
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at rest at a node, foi- if it were, no energy would be transmitted 
throuirli it to the part beyoml. The amplitude of vibration of 
the liand need by only very small to set up after a time a 
eonsideral)Ie amiilitude of vibration of the string. At the nodes 
intermediate between the hand and the fixed end the motion is 
mainlv a change of direction of the string, the vibrating string 
cuttiiig the line given by the uiidi.sturbed string at a varying 
angle. As nt) string is perfectly flexible this change of direction 
is suflicient to transmit energy through a node. This will be 
better iniderstood when the chapter on resonance has been read. 

64. Frequency of Vibration of a String. The time taken 

for a loo)) to perform one complete vibration, say from the 

upper lindt of its swing to the lower limit and back to the upper 

limit, is the time taken hv the direct or reflected train to travel 

% 

one wave-lerjgth ; for the loop is at its upper limit when each 
of the constituent trains Ims the centre of a crest at the centre 
of the loop, and the loop will come again to its upper limit when 
the next crest of each of the constituent trains has come to the 
same i)Iace. 

We saw that the velocity of a train of waves is sJTip. If 
I is the distance between two nodes '21 is the wave-length, and 

hence tlie period of vibration t = P or if we express it, 

as is more usual, in terms of the frequency n, we have 



As there is no appreciable motion at a node, we may now 
clamp the string at any two nodes, and we get tlie ordinary 
ease of a string fixed at both ends, as used in musical instru¬ 
ments such as the violin, harp, pianoforte, etc. In the 
ordinary use of such instruments there are no nodes except 
those at the two fixed ends, and the number of vibrations per 

second of a string so used is ^ a / ^ ^ In using the formula 

21 p 

care must be taken to use a consistent system of units. If the 


e.G.s. system is used, I will be measured in centimetres, T in 
dynes, and p in grammes per centimetre. If the English system 
be used, I may be measured in feet, T in poundals, and p in 
pounds per foot. 
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As an illustration take the case of a stiincr one metre lonix. 
■wei^hin^^ 5 grarntnes pe?‘ metre, aid stretclied witli a force cfjual 
to t lie \\eijrht of 20 kilojirammes. Reducin*; tliese to the units 
mentioned above for tlie c-c s. sy.'^tem ^\e have 


1 /20000X981 

200 \/ -(to 



65 Laws of the Vibrations of a String- T)ie formula 

^ \ ! sliews that we can alter n. Ilie fie(iueno\' of a, 

iv V p 

stretched striiij;. and consefjuently the pitcli of the note gi\en 
out bv the strinjr, in lliree wavs, 

, (1) W’e can alter the length of the string. The frecpiency 
is invers(‘ly pioportional to tlie length, so that if for instance 
we lialve the lengtli, the string will vibrate twice as rapidly. 

(2) \\'e can alter the tension of the string. The frerpienov 
is jirojjoi’tional to the scjuare root of the tension, so that if 7’ be 
made 4 limes as great, n will be doubled. 

(3) W'e can load tlie string by twisting fine wire round 
it. The fiecpiency is inver.sely proj)ortional to the square root of 
the mass of unit length of the string ; thus if we quadruple the 
mass we shall halve the frequency. 

66- The Monochord. The.se laws can be tested experi- 
inentallv bv means of the monoehord. A wire fastenerl to a 
pin at one enri of a rectangular box passe.s over two fixed bridges 
A and H. which may conveniently be a metre apart, and then 
over a pulley to a scale pan in u hich \N eights can be placed. 



50 


TRANSVERSE WAVES 


Tiio tension of the string is then equal to the weight of the 
scale j)an ami weights^ 

A thinl bridge C can be moved along a graduated scale on 
tlie top of the box to any position between A and B. 

We liave liere a string JC. whose length can be altered by 
moving the bivlge C, and whose tensiofi can be altered by 
altering tb(r weights in the scale pan. \\ e can also substitute 
a hea\ iej- or lightei’ string. 

It is convenient to have stretched on the box a second 
string for comparison. This is tixed at one end to a pin that 
can be twisted bv means of a key, so that the tension of the 
string can be altered. 

67. To test the relation between the length and fre¬ 
quency of a string. Adjust the tension of the compeirison 
string until on being [>bicke<l or bowed with a violin bow’ it 
gives^ a rather higher note than tlie string AB when the 
bridge C is removo'l. Insert the bridge C and adjust its position 
until the string AC gives the same note as the comparison 
string, and read tlie length .-1C on the scale. Now adjust C 
lintiMC gives n note an octave higher than the comparison 
string. We know that we have doubled the frequency of AC 
and by observing the new position of C on the scale we shall 
find \\V have halved the vibrating length of the string. Similar¬ 
ly, if we adjust C until .4C gives a note a fifth above the note 
of the comparison string, we shall find we have reduced AC to 
two-thirds the length it had when the strings were in unison, 
and we know that the rise of pitch of a fifth corresponds to an 
increase of n in the ratio 3 to 2. Thus in each case nj : n 2“^2 • U 
where «, and /, are the frequency and length corresponding to 
the unison, and ria and those corresponding to the octave or to 
the fifth. 

68- To test the relation between the tension and fre¬ 
quency of a string. Adjust AC to give unison as before. Keep¬ 
ing C fixed, add weights to the scale pan until the note given by 
AC is an octave above that of the comparison string. It will 
now he found that tlie scale pan and weights together weigh 
four times as much as when the strings were in unison. We 
thus see that the frequency has been increased proportionally 
to the square root of the tension. A similar experiment can be 
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j)erformed with the interval of a fifth, wlien it will be found 
that the weight must be increased in the ratio of 3^ to 2*. 

69. To test the relation between the mass of a string 
qqJ Jjg fre(]uency. Adjust .AO' to give unison anti denote the 
length dr byTake off the wire, cut ofT a piece and weigh 
and measure it. Suppose the weight per centimetre is Pj 
grainme.s. Now fix on the monochord another string of difTe- 
rent thickness whose weight per centimetre is p>, anti attacli 
the same .scale pan and weights. Adjust .AC until tlie new 
string is in unison with the comparison string, and let the length 
.AC be now L. 

If the laws be true we liave in the first case 



and in the second case 



Since the frequencies are the same, ni = « 2 . "'e ought there¬ 

fore to find that ;,vVi=-div/p 2 . The measurements that have 
been made will be found to satisfy this relation, and consequently 

to prove the law noc ^ , as we have already verified the law 

VP 

n, : '■ h, which is also involved in the expression we liave 

just found. 

70. Positions of the Nodes. In tliese experiments with 
the monochord we have had nodes only at the fixed ends. The 
experiments with the indiarubber cord shewed that a string 
can vibrate in any number of equal sections separated from 
eacli other by nodes, and it is possible to make the string of the 
monochord break up into sections, if, when it is plucked, it is 
touched gently with the finger at some point that is a possible 
node, so as to prevent vibration at that point. 

Remove the bridge C and pluck the string. Now touch 
the string gently at the middle, and pluck again. The note 
will be found to have gone up an octave, and the string will 
continue to give this higher note for a short time after the finger 
is removed. In the first case there were nodes only at the fixed 
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cMids. Til tiu* seioiid case the finuer comp?ileil the formation 
,,f a ni>.le at llie centre, ami ediiseriueiitly tlie note ua.s tliat 
^'i\en hv a slrini' ot halt tlio leniitii. 

Next tnu.-h the string mie-thinl of the way from one end 
,nirl pinrk the .diorter section. Ti.e string' will vjhrute in three 
sections, and ^dve a note with tinee times the .reiineney of that 
•riven hv ihe whole .stinni. that is. a twelfth hiydier. Sitmlariy 
we can make it v.hrate in four, live, etc. sections by timeh.ng it 
{>]\v lourth. one fifth, cte. from the en<l. The notes arc jiroducefl 
more eas.ly espeeially the higher ones—if the string is touched 
with something nairotMT tlian the finger, sneli as a match oi a. 
quill- 



rig. 30 

When the string is touched at £> and plucked between .d 
and li, where .1/^ is one tliinl of AD. there is a node also at C, 
half way lietween B and D. This can he shewn by cutting short 
strips of paper, bending them in the middle, and hanging them 
over the string at K, (’ and F. When the string is plucked, the 
paper rider.« at E and F will jump off. whilst that at C will 
remain at rest, thus shewing that a node has been formed at C. 

We see then that a string can give out a series of notes 
according as it vibrates as a whole or in two, three, four, etc. 
sections. If the frequency of the lowe.st note is taken as unity, 
the frequencies of the higher notes will be 2, 3. 4. etc., since 
the freipicncies arc inversely proportional to the lengths of one 
section of the string in each case, and the string is divided 
into two, three, four. etc. equal sections for the respective 
notes. 

71. Nomenclature of Modes of Vibration. Most sounding 
bodies are capable of vibrating in a variety of ways, which 
give rise to notes of different pitclies. Of these notes the low'est 
is called tlie fundamental and the rest overtones. 
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A series of notes in whicli the frequencies are in the ratio 
1. 2. 3 etc. is called a harnwvic series, tlie separate notes being 
referred to as hannonics. When, as in tlie ca.se ot a string, the 
overtones form a harmonic series, they may be called hnnnonic 
ovrrfonrs. We shall meet with many cases in which the over¬ 
tones are not liarmonic. 


frequent use 

-S-- 






m= 


Z2. 


72. The Harmonic Series- We shall mak 
<»f this serie.s in the folloxt lng chapters, and the 
stmlent who has some knowledge oi musical 
notation will find it useful to learn the positions 
of the lower members of the scries on the usual 
clefs. 

In Fig. 31 the first twelve terms are shewn 
in the positions they would occupy if tlie lowest 
note were C. The figures to the right shew 
the relative freejueneies. The seventli and the 
eleventli harmonics are enclosed in biackets as 
thev are not exactly represented by any note in the scale. 
The seventh is l)ctwW*n Bt> and A and the eleventh is between 

F and 

The figure is useful for finding the vibration ratios of the 
ordinary musical intervals. The major third, for instance, 
appears twice in the figure, as the interval between the 4th and 
oth mernbeis of thc'series, and between the Sth and 10th. In 
each case the vibration ratio is 4 to 5. 


Fig. 31 


There is a difference of practice among.st writers as to 
which member of the series is called the first harmonic. Some 
call the lowest note C the first harmonic, others give the name 
to the second term. We shall adopt the former plan, as it hac 
the advantage of connecting the number of the harmonic withs 
its vibration number. Thus if the fundamental has a frequency 
represented by I, the fifth harmonic has frequency 5, and 
similarly for the others. 

Allot licr term sometimes applied to the terms of the senes 
is partials or harmonic partiah. When we have occasion to 
use this term we shall adopt the same convention as in the case 
of harmonics, and call the lowest note ol the scries the first 
partial. The term partials is not applied to overtones. It is 
restricted to the members of the harmonic senes, and more 
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particularly to such members as are present in a complex note, 
as will be explained in Chapter IX. 


73. Effect of Imperfect Flexibility of a String. The 

relations between the frequencies of a string, which we have 

deduced in this chapter, hold strictly only for a perfectly 
flexible-string : that is, a string that can be bent without any 
force being needeil. 


Anv actual .string offers some slight resistance to bending, 
and the overtones consequently do not fall quite e.xactly into 
the harmonic .'^eries—each overtone is a little too high in pitch. 
For the louer mend)ers of the series, as given by a string that 
i.s not verv short, the divergence from the harmonic series is 
not great. 


CHAPTER IV 
longitudixal waves 

74 Transverse Waves cannot exist in a Gas. Tlu* trans- 
veise waves diseusse.l in Cl.aptei- III l.ave not the same i.npor- 
tance in the tlleorv of .Sound as l.avc longitudinal waves, hut we 
have dealt with them first, beeausc they are more easily shewn 
cxperimelitallv. Evervone is familiar with the traiisiersc 
on the surface: „f water, whilst longitudinal waves are visi .lc 
onlv in exceptional eases, and their presence and properties 
must generally be demonstrated by indirect methods. 

The importance of longitudinal waves arises mainly from 
the fact that air is tlic medinin by which sound waves arc 
generallv carried from the place of tlicir origin to the hearer. 
Ld no other waves than longitudinal waves can trarel ill 
A gas offers no permanent resistance to change of sh.q ^ 
Wlidst the change of shape is taking place there w ill be some 
slight resistance in consequence of the viscositi and iiici . 
the gas The resistance may be considerable when the than...e 

of shape of the gas takes place J'''"'"," smii 

plane or motor car travels through the air at ‘"f.'' ' 

forces however are always opposed to the ''"-eet on of ^ 

and disappear as soon as the motion ceases so that theie is i o 
tendency for the gas to resume its original shape. The oiilj 
chang^that gives rise to elastic forces is chanp of volume 
ai J conlequentlv the onlv waves that can be propagated 
through a gas arc such as involve compressions and 
It is L possible to give a strictly logical investigation of he 

Cond the scop's of this book, and many 

mide the evidence for which cannot be given hore 'U cannot 
see the waves in air, as we see the waves on a ^‘rached s.r i^ 
and so we must for the present assume the of then 

existence leaving the experimental demonstration of their 
PeseX until we have discussed the phenomena of interference. 
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75- Experimental demonstration of Longitudinal Waves 
in a Spiral Spring. \Viivi-< cldsely rcseinbliji}' tlie longitudinal 
\\a\ t s ill iiir ciiii be j)r<*dut'cd in a viSibU* foi'in in a horizontal 
spiral s|»i in</. 'riu* IbllowiiiL' <liinensions iin<i manner of support¬ 
in'.' th(“ ^prini'.a'i’c talien tr<»iu Haiton s / <’j'I Hook of Souiiu. p. i, 

-hvliraLeoil should be wound in n lathe, the wire beiny of 
s<dt . ci/pper about l omni. diameter, its turns beinjr 10 cm, 
diametei : their pitch, or distance apart longitudijially, may be 
alx'iit 1 cm., the whole e«>il lieiiiii 2 m. lon^. thus containing 
about I’l II turns. Each turn of tlie coil should be supported by 
a tine silk thread in the form of a V. each limb of the V being 
about 1 m. lotiLj. its two upper ends being fixed half a metre 
apart to a wood framework. These dimensions are chosen to 
insure a slow a<h anee of the <listurbanee from one end to the 
(ither. and cannot without disadvantage be departed from at 
random.’ 

If one end of tlie coil is pushed inwards a little, the turns 
near the end will be forced nearer together, forming what we 
mav term a eoni}>r(ssion, and this compression will travel slowly 
to the other end of the coil. If on the other hand the end of 
the coil is pulled outwards a little, the turns near the end will be 
separated more widely from each other, and this state, which 
we may call a rarefaction, will al.so be seen to travel slowly 
along the coil. Jf now the end be first pushed inwards by say 
1 in. from its ecpiilibrium position, then drawn backwards 2 ins. 
and finally returned to ds equilibrium position with a steady 
movement approximating to one complete harmonic vibration, 
one complete wave consisting of a region of condensation follow¬ 
ed by a region of rarefaction will be seen to travel along tlie 
coil. If any one ring of the coll is watched whilst the wave is 
jiassing over it, tliat ring will be seen to perform a single vibra¬ 
tion similiar to the vibration that the end was made to perform, 
and will return to rest as soon as the wave has passed. Thus, 
if the left-hand end of the coil is made to perform a harmonic 
vibration, each ring in turn will perform a similar vibration, and 
each ring will begin its vibration a little later than its left-hand 
neiglibour. 

The motion of tie successive turns of the coil is very 
similar to what can be she\Mi theoretically to be the motion of 
successive laycis of air over which a sound wave is passing. 
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76. General description of the propagation of Air-Waves. 

Having thus obtained a ^ B 

general idea of the nature 
of longitudinal wave 

motion, we pass to the ease 

of wave.s in air. 

Imagine a e;rcular 

-'1-^ cont nc<H 

one end a piston (\ whic h 
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DEF 



rat 


gur 


c 


Fig 32 

one end a piston / ' within it. Suppose 

mstheeyluuleran- tight but a ,,t 

the piston is moved rapaUy a 

rest ill its new pos.tion. A ti . \ t whilst the re.st of the air 

piston will he momentarily compr s> ’ ,jfceted for the air has 
in the cylinder wdl be C cannot set the next 

inertia, and the motion of . cD will tiieretore 

layer in motion instantaneously. eater than that of J)E ; 

be compressed, and Its pre-ssure ‘ 

but tliis state of affairs cannot le ' its eompres- 

begin to expand towards tlie ng ' ’ - it to EF, and so on, 

Sion to which in turn -d JM.m.nun.one ^ 

a pulse of eompres-sion ^ iderationof what happens 

We will for the moment postpone eonsideraiio 

when tlic pulse reaches B. , ^ 

The fo.e.oi„g desenpti^ oi ‘H. ^lil^iii^r the 

compression is incomplete, as i .^.rted. or in its original 

layer CB is left partly eompresser . right. The 

state, when the pulse has the layer CB, but 

motion of the piston be shewn mathematically that 

also sets it m motion, and i . to rest bv communicating 

,vhen the layer Cfl l«s rcluce I 'of ts compression. an<l 

its memontum to DE .t l.as also Ko . id ot 

has therefore returned therefore wlien the 

same is true of > succeec mg st^te. 

pulse lias passecl, the an is left ^ analogous to 

77- Experimental Analogies. stretched string. 

that of a single transverse va\e sc ^.^rd described 

We saw in the experiment an ^ ^^,.tion 

in Chapter III that as soon as the 

of the cord, ..gferred from section to section 

amount .vas to. hy 
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conversion into heat in consequence of tlie imperfect elasticity 
of the strinil. 


'Die following' experiment is still more closely analogous to 
the nroj.agation of an air-wave. Place a dozen glass or steel 
halls iti contact with each other on a board in which a V 
oroovc has been cut to keep the balls in line. Now roll another 
ball alon'j the groove so as to strike one emi of the line. It will 
be found'tliat the ball at the other end will leave the line and^ 
roll away, leaving the remaining balls at rest. The energy ot 
the first ball has beeit transferred completely from ball to ball, 
until it reaches the last. an<l this last ball, finding no other to 
wliich it <an transfer its energy, is set in motion. 


78. Longitudinal Vibrations o| Particles of Air. Let us 

return !if)w to the eyliniler and pi.ston. Instead of imagining 
tlie piston to be moved (piiekly to the right, let us suppose it is 
moved to the left. The layer of air ^'7) will then be rarefied, 
and its pressure will fall. Air will How in from DE to re.store 
the {)ressure of and DE will be rarefied, and the same will 
happen to each suceee<ling layer. Thus a pulse of rarefaction 
will travel to the right. 


If now the j)iston is kept vibrating eontimioush*, a train 
of waves eonsisting of alternate condensations and rarefactions 
will (ravel along the tube. 

It is evident that the particles of air in contact with the 
piston must follow its motion, and vibrate in a direction parallel 
to the axis of the tube. Thi.s eau.ses a similar motion in the 
next layer and in all the succeeding layers, so that every particle 
of air vibrates to and fro in the direction in which the wave 
tiavel.s. It is for this reason that waves of condensation and 
rarefaction are called LoniiUndinal waven, to distinguish them 
from waves such as those described in Chapter III, where the 
individual particles vibrate in lines transverse to the .direction in 
which tlie waves travel. In the case of transverse waves one 
complete wave includes a crest and a trough. In the case of 
longitudinal waves one wave consists of a region of condensation 
and a region of rarefaction. 

79, Properties of Longitudinal Waves- It can be shewn 
that, if the piston is made to vibrate harmonically, every 
particle of air along the tube will vibrate harmonically as the 
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waves pass over it. Further, if we consider a row of partic es 
lying along a line parallel to the axis of the tube, and eqmdly 
spaced along that line wlien no waves are passing, there w in bo 
a uniform retardation of phase from particle to particle, as we 
pass along the series from left to right, when the waves are 
made to travel from left to right. A train of waves woiil.l 
result from atn/ periodic vibration of the pi.ston. wliethcr 
harmonic or not, but tlie waves resulting from harmonic vibra- 
ti(.ns are the simjilcst theoretically and, as we shall see when \\c 
discuss Fouriers Theorem, they may he regarded as the lunda- 
mental form of wave motion, from wiiich all otlier loiin^ of 
waves can be derived. \\'c shall limit ourselves to harmonic 

waves for the pre.sent. 

If we assume that each particle of the series mentione.l 
above vibrates liarinonically, witli a uniform retardation ot 

phase as we pass from particle to jiarticle along the scrie.s. ve 

can deduce many of the more important properties ot longi- 
tudinal waves. 


A 




■li.'lulisLliilrshrlB 


8 I 9 MO 

Fig. 33 

let 4B be the line along which the particles lie, ami 
suppose ti.at when no waves are passing there ns one particle 
in^iie centre of each of the 17 sections into which the line i.s 
divided bv the short vertical lines. hen the wave.s arc passing, 
the particles will perform harmonic vibrations. Let u.s suppose 
that the extreme range of vibration of a particle i.s the lengtli of 
one of tlie sections, and each particle is a sixteentli of a peiiod 
behind its left-liand neighbour. Suppose particle 1 is passing 
from left to right through its equilibrium position at the moment 
we are considering ; then particle 2 will a so be moving f^rorn 
left to right, hut will not reach its equilibrium position until 
one sixteenth of a period later. Similarly particle 3 will bo one 
eighth of a period behind, 4 will be three sixteenths behind, and 
Seeing a quarter period behind, will be just at the left-ham 
end offts swing and so momentarily at rest. Particle 6 will 
bfeo^ng up to its left-hand limit, and so will be moving to t^ie 

left. 
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It oa>y t<i follciw out this pj-or-oss aloiiii tlic row, and 't 
will !>(' s'cii tliat all tin* paiticirs from I to 4 and from 14 to 17 
an“ inoviji'i towards the liuht. aiul all from () t'> 12 towards the 
loft, a and I'l aic at th? ends of theii* swina, and 1, U and 17 
are passing tlii(Uii:h their e*juilil)iiuin positirjjis. 

As tlie ])artieles are all \.l)ratin<r harmonically, we know 
that tiiev liav.'their <rreale.>t \eloeity when pa.ssing tlirmigh 
their e(|uililu aim positions, and have no velocity at the ends of 
theii saings. 'I'he velocity is therefore a maximum at 1 and 
d.ni.n.slus to zeio at it is then rewrsed and increases to 
a maximum at !r. and aiiain <liminishes to zero at 13. where it is 
once more r(‘versefl, and imrease.s to a maximum at 17. 

80. Condensation and Rarefaction. We must next find 
the fiositions of the regions of condensation and rarefaction. 
Kacli [lartiele is in advance of it.s right-hand neighbour by one 
Sixteenth of a periorl ; that is, tlie time difference is constant 
for eacli pail-of neighbours. The .5pace difference liowever will 

vary, for a particle moves faster the nearer it is to its equili¬ 
brium po.^.t ion. Suppose for the sake of argument that the 
pei'iod of Vibration i.s one second, and the range of vibration 
from end to eiul is one inch. (Ordinary sound waves in air have 
a much smaller period and amplitude, but thi.s does not affect 
the prineijile of the method.) 

\\e can find graphically by u.so of a diagram similar to 
Fig. 7 tlie distance a 
jiartiele nuives in each 
Sixteenth of a sciamd. 

ISujrpose a radius moves 
uniformly round 0 in a 
counter-clockwise direction, 
making one complete turn 
in a seeonfl. Let us reckon /5 
the time from the moment 
when tlie radius is in the 
position 1. and drop per- 
poixlieulars on the hori¬ 
zontal diameter, so that 
the position 1 corresponds 
to a particle passing from 1 

left to riglit through its p- oj 

equilibrium position. One 
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sixtcontli of a second later tlic ra<lius is at 2. an<l tlie pajticle 
is at a distance OA from its e<jullll)rinm jiosition. After 
anotlier sixteenth of a second it is at B. and so on. ft udl 
be foinul l)v ineasureinent ^ that t)ie lengths OA. AH. B( 
and Cl), \\hicli are the <lislait<-e5 moved tliroui/li In coTisei ntive 
sixteenths of a second, are ‘ 10 . •!(). 'll. inches 

resjiectivcdv. and the fLsplacejnents OA. OB. O^ and 01) aie 
•11). -do, Ai) and 'ot) respectively. 

IteturninLi now to Fig- ^ 1 equilibrinm pos.t.on. 

2 i.s'll) in. away from its efiuilibi'iiim positanj an<l lienee 1 and 
2 aie -SI in. apart. 3 is -lio in. from its efiuililnium position, and 
lienee 2 and 3 are 84 apart. Similarly 3 and 4 are-Sll apart, 
and -i and o are "hG ajiart. 

Wiien no waves are passing and the air is at rest, any two 
ncighboinini' particles arc 1 in. apart. At the moment under 
con.siileration all the pairs of particles from 1 to o are less than 
an inch apart, aiul con.seqnenlly there is condensation .n tins 
region; t he condensation being greatest at 1 and diinim.slnng 
as we go towards.-). Similarlv it can be shewn that all the 
pairs of particles from 5 to 13 are more than an inch apart, 
theexce.s.s being greatest at 0. Con.secpiently there is rare, 
faction in tliis region with a maxnnum at 0. At 13 the rare¬ 
faction ciuinge.s again to condensation and .so on. 

81. Summary of the Properties of Longitudinal Waves. 
We can summarize our eonelusion.s thus : 

(i; M’lien a particle is passing through its equilibrium 
position it has its maximum velocity. 

(2) If it is then moving in the same direction as the wave 
is travelling, it is at tlie centre of a region of eonden.sation ; if 
it is moving in the opposite direction to that in which the 
wave is travelling, it is at the centre of a region of raretaction. 

f:!) When a particle is at either end of its swing it lias no 
velocity, and the air in its immediate neiglibourhood has its 
normal density, witii condensation on one side and rarefaction 

on the other. 

*The lengths OA, OB and OC can bo found at once from a table of 
co.«ines for itfs evident that OA=J cos 07i°. = jeos 45= and so on. 
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82. Associated Curves. By making use of certain con. 
ventioiis we can sliew tlie.se relations by curves. Let an ordinate 
flrawn upwards represent t!ie displacement in tlie direction of 
the motion of the wave of a particle whose equilibrium position 
is at the foot of the ordinate, and 
\ i<-e \(*isa. W’e .sluill then get a 
eurve such as that shewn in Fig. 35 
lor the .series of particles in Fig. 33. 

Jig. SI. Di-splnrement Curve. 

'I'o shew the changes of velocity, let velocities in the 
<iiie(tion in wliich the wave travels be 
represented by upward orclirjates and 
velocities in tfie opposite direction by 
dowrjward ordinates. \Ve then get the Fig. 36. ^ elocity Cur\-e. 
curve of Fig. 30. 

Lastly, let up^^•a^d ordinates represent condensations and 
downwarci ordinates rarefactions, and 
wc get the curve of Fig. 37. 

These curves are all sine curves, 
but the velocity and condensation 
curves are moved a (piarterof a wave- Fig 37. Condensatiorj Cur\'e 
length to the right as compared with the displacement curve. 

Tt is important to remember that the displacement curve 
(|{)es not sliew directly the displacements in the directions in 
wliicli they actually take place, but merely represents them con¬ 
ventionally. It is for this reason often called ^the Associated 
Curve of the wave. 

83. Sound Vibrations are superposed on Molecular Mo" 
tioDS. A further warning should be given here. The “particles” 
of \\liich we have spoken must not be taken to be individual 
molecules of the gas, but small volumes each containing a 
large number of molecules. According to the Kinetic Theory 
of Gases each molecule is in irregular and rapid motion, even 
though the gas as a wljole is at rest. The elastic vibrations of 
wliicli we liave spoken are regular periodic motions, which are 
superposed on the irregular motions of the molecules. If we 
take as our “particles” small cubes with edges of, say, '001 
millimeter, each cube will contain so many molecules that its 
rontre of gravity may be taken to be at rest, when the gas as a 
wliole is undisturbed ; and yet the cube will be so small that 
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(li;iiiictor. Divide the cirfuinfcrence of this eirele into 8 equal 
pai'fs ;ukI miinb-T tlio j) )iiit'< of fl.v.sioii 1. 2. 3, etc. \\ itii I as 
centre «lra\v a ciia le of I in. ra<liiis, witli 2 as centre draw a eirele 
of 'I in. radin.s. with 3 as centre <lra\v a cin-le of I in. radius aiul 
so on. at each step increasing; the radiu.s hy \ in. and taking 
the points on tlie circninference of the small circle in order as 
(•(litres. Dr.iu as many circles as the card will liold, going as 
many limes round the circle of centres as may b? necessary. 


We shall then have a diagram similar to Fig. 38, Put a 
j)in tliroMoli the centre of tlie card and hold before it another 
(ard with a slit cut in it. the slit being in the position shewn 
bv the dotted lines in the figtire. 

4 


If now the card with the circles drawn on it is made to 
rotate round the pin as centre, the small pieces of the circles 
.«een tlirough the slit will be seen to vibrate to and fro. and 
waves of compre.ssion and rarefaction will travel along the slit. 

85. Wave-Fronts. We have hitherto discussed only the 
natute of sound wave.s in a cyliitdrical ttibe. The thin sheet of 
comjne.ssion produced by a rapid movement of the piston of 
Fig. 32 is a plane section at right angles to the axis of the tube 
and it remains so as it travels along. If a surface be drawn in 
such a way that at any moment all the particles of air in the 
surface are in tlie .same phase, the surface is called a M arc- 
Fronl. There are an infinite number of wave-fronts even in a 
single wave length. The wave-front might for instance be the 
locus of all the adjoining points that are at the point of maxi¬ 
mum compression, or that are passing in a p.articiilar direction 
tliroiigli their equilibrium po.dtion, or are in any other pliase 
we mav choose to select. 


It is evident that the wave-fronts for the air-waves we 
liave considered so far are planes, and the waves are therefore 
called Plane waves. Sucli waves are exc‘eptional, and we must 
now jiass to the more usual type of waves, where the wave- 
fronts are in general not plane, 

86. Spherical Waves in Air. Imagine that we have at 
some point in the air a small sphere which expands and con- 
tract.s rapidly. When it expands, a spherical layer of air 
near its surface is compressed, and the compression spreads 
outwards, ^\'hen it contracts the layer of air near its surface is 
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rarefied, and the rarefaction spreads outwards in the rear 
of the compression. If the sphere continues to expand and 
(•(mtract periodically, we shall have a series of sheets of 
compression and rarefaction spreadimj out alternately. As there 
is no reason why a coialensation or rarefaction should travel 
faster in one direction than in another, it may be assumed that 
it will travel witli the same velocity along any .straight line 
radiating out from the small sphere. The wave-front in contact 
with the small .spi>ere is spherical, and therefore every other 
wave flo at i.s also a sphere with the centre of the pulsating 
sphere a.s centre. Further, it Is clear fi'om syanmetry that the 
direction of vibration of any particle of au’ is along a radiu.s ot 
the system of sjaherical wavc-front.s. 

87. Direction of Propagation of a Wave- We may borrow 

a con\cnient (*xpression fiaun Optics, and say that the pulsating 
sphere sends out of Sound in every direction, and the di¬ 

rection of pj'opagation of the sound at any poiiit is along tlie 
ray thnjugh that point; or, since the rays are radii of the wave- 
fronts the direction of propagation at any po.ut is at riglit 
anodes to the wave-front passitig thnmglj that point. This is 
airinstance of the general law that the direction of propagation 
ofanvwave motion at any point is normal to the wave-front 
passing through that point, wliatever the shape of the wave- 

front mav be. We shall have occasion t} mike use ot this law 
% 

in a later chapter. 

88. Energy of Air Waves. As the sphere vibrates it 
meets with Ksistance from the air. and theietore work has to he 
done to make it vibrate. Energy is thus eoimnumcated to the 
air and travels outwards with the waves. The energy ot the 
waves is partly kinetic and partly potential. A particle executes 
harmonic vibrations about its mean position, as the waves pass 
over it, and it therefore, possesses kinetic energy, except at the 
moment when it is at the enrl of its swing. , W e have seen also 
that there are regions of condensation and rarefaction in a \\'ave, 
and theiefore there is potential energy everywhere, except at a 
point where we are passing from a condensation to a rarefaction 
or vice versa. The energy is not distributed uniformly over the 
wave, for we saw that at the points of no velocity there is also 
no compression, and consequently at these points the air has no 
energy above what it would have if no waves were passing. 
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It call liv shewn that tlie total energy per unit of volume 
of a mtdiiiin whicli souiicl waves are passing is pro- 

jKJiticaial t(» the scjuaie ot the amplitude C)f the waves, and in¬ 
versely pnijjortional to the square of the wave length ; and 
I'lirther-, tliat tlie ('neijiN' in a whole wave is at every instant 
lialf kinetic and half potential. 

89- Constancy of the Intensity of Plane Waves- Plane 
pniLO'essi\e waves ^ue!l as llio.se travelling along a tube cannot 
spivad out sidewavs. but are confined to tlie cylindrical column 
ofair. 'I'lie anij)litude leniains constant, and the flow ot energy 
is the same tlnongli any cros.s sect.on of the tul)C. Ihe ani])li- 
tude is always con.stant whin the wave-fronts arc plane, 
whether tin* sound is confined in a lube or not. We shall see 
in a later chapter that it is possible by refleetion at a eurved 
mirror' to c( ii\eit a diverging beam ol sound in the open air 
into a parallel beam witii platte wave-fronts, aird so enable it to 
travel over a long distatree without loss of energy. The case is 
anahigous to that of a search light, where the diverging i-ays of 
litrlit from an electric arc are corrverted into a parallel beam of 
jilane waves by a tniitor. for the same reason. 

90. Change of Intensity of Spherical Waves hen 
sound waves spread out In every dir'cction from their source, it 
is ch-ar tliat their intensity must fall off as they spread out¬ 
wards. The total amount of energy ero.ssing any spherical 
shell wiih the sources as centre must be the same, whilst the 
area of 1 he shell is proportional to tlic square of its radius. 
Hence the quantity of energy passing per second through a 
square centimetre of the surface of any shell is inversely pro¬ 
portional to t he square of the i-adius of the shell, or the in¬ 
tensity of sonnrl vai*ies inversely as the square of the distance 
fr-om the source, when the wave-fronts are spherical. It is 
evident that tire law .still holds, even though the wave- fronts 
are not complete spheres. It holds, for instance, for sound 
travelling from the apex towards the wide end of a hollow’cone. 
If the sound travels from the w ide to the narrow end of the 
cone the amplitude of the waves increases, and the intensity 
of the sound increases. This is the principle of the ear-trumpet 
used by deaf persons, 

91. Reflection at the closed end of a tube- Let us next 
consider what happens when a pulse of compression reaches the 
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closed riglit liand end of the tube of Fig. 32. ^\e have seen 

that the'^pulse travels along, leaving the air behind it at its 
normal pressure. When the pulse reaches the clo.sed end, the 
motion of the particles is checked, and \ce have for a moment 
a thin laver of compressed air at rest in contact with the end. 
ami the rest of the air in its normal state. Thi.s is exactly wliat 
we Imd at the left hand end when the piston was suddenly 
pushed in a little and then held at rest. Consequently what 
was said as to the result of pushing in the piston applies in tins 
case, ami the pulse of compression runs back to the left. Thus 
we see that a })ulse of compression is reflected from a closed 
end, and returns as a comj>ression. Similarly a pulse of laie* 
faction is reflected a.sa rarefaction, and a continuous tra il 
of waves ari iving at the clo.sed end will be reflet ted and return 
as a similar train, with no change of phase at the end where the 
reflection takes jilacc. This agreement of phase in the direct 
and reflected waves should be specially noted, for we shall sec 
presentlv that if the right hand end of the tube is open, there 
will still be reflection, but there will be a change of phase of 
half a period. 


Ill the ease of longitudinal waves it can be shewn that, if 
the change of pressure is proportional to the change of volume 
of the air, we can find the actual displacement at any point, 
when both the direct and reflected waves are passing, by adding 
the displacements due to the two, taking account of their signs 
as we did with transverse waves. As we have already men¬ 
tioned, the change of pressure is not .strictl}' proportional to the 
change of volume for air, but it is very nearly so if tlie dis- 
placements are small, as they are for ordinary sound waves, and 
as a first approximation we can assume the proportionality to 
holfl In a later chapter we shall discuss some results of the 
want of strict proportionality. The same method can be used 
for compounding two compression curves or two velocity curves, 
but it must be remembered that we are treating here only of 
trains of waves travelling in the same straight line either in the 
same or in opposite directions. We shall discuss the case of 

two trains of waves crossing each other at any angle in 
Chapter VII. 

92. Stationary Vibrations in Air. It 
to enter again into a complete description of the way in which 
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stilfionarv waves arise from the superposition of the direct and 
rcHecled trains, as most of wiiat was said in Cliapter III about 
the reflect ion of tn\nsvorse waves applies here also. Fig. -7 
will apply air to waves if we regard the curves as the associated 
disiilacemcnt curves for the air waves. It is clear that tliere 
caiinot i)e aiiv displacement at the closed end of the pipe, and 
tiiis will be socure<l if the direct and leHected trains always 
give e(iual and opposite displacements at B, so that the re- 
siiltant displacement at tliat puint is always zero. 

The curves of Fig. 27 give this relation between the dis¬ 
placements due to the two trains at B. and it follow.s as in 
Chapter III that there will be a scries of j)oints half a wave¬ 
length ajiart at which the displacement is always zero, one of 
these points being at the closed eml of the pipe. We have as 
l)efore a train i»f stationary waves consisting of vibrating 
segments sejiaratc I from each othci’ by cc|uid*.stant nodes. 

*93. Distinction between Transverse Wave curves and 
the associated curves of Longitudinal Waves- There is a 
point of difference between the cases where the curves of 
Fin. 27 are apfjlierl to transver.se an 1 longitudinal waves, which 
might pi'csciit a dilliculty to the stmlcnt. 

The curves have not the same moaning in the two cases. 
The curve for a string shews the a<-tual shape of the string, the 
direction and length of any onlinate sliewing directly the 
direction and amount of displacement of the small section of 
lilt* string, w Inch wouhl be situated at tlie foot of the ordinate, 
if no wave were passing. I'he meaning of the curve i3 there¬ 
fore t lie same for the direct and the retleeted wave. In tlie 
case of the curve for air waves, the meaning of an ordinate was 


defined with reference to the direction in wiiich the wave 
travels : an upward ordinate denoting a displacement in the 
direction of motion of the wave and vice vei*sa The direct 
wave is travelling to the right and the reflected wave to the 
left, ami therefore if we were to adhere to our convention, an 
upward ordinate of the direct wave would mean a displace¬ 
ment to the right, and an upward ordinate of the reflected 
wave would mean a displacement to the left. Since the curves 
arc used to find the resultant displacement by compounding the 
components, it would be inconvenient to have tliese different 
meanings for the ordinates of the two curves, and we therefore 
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make tlie convention that in each case upward ordinates are to 
represent displacements to the right regardless of the direction 
of motion of the wave. We saw that when the '^ave is rave I- 
ing to the right, those air particles which are mming to 
the ri‘'ht are situated in a region of compression. It the 
curve of Fig. 39 is the associated ^ 

displacement curve for such a ''’ave, a 
it will be seen that the ends of the / 
ordinates near B are moving up- p gg 

w»r<ls. and so >*>«"' .Hence the front face 
merits of particles moving to the ngli • pomnression ; and it 

of each crest corresponds to a region represents a region 

will be seen similarly that the rear but 

of rarefaction, This relation is true ordinate repre- 

not for the reflected wave, where an ^ r *i.g ^yave. In 

sents a displacement contrary to the (ire therefore the 

this case the wave is travelling to ^he eft,^ana^tn_^^^ 
compression is situated where the p moving down- 

left. that is. where the ends of the 30 is^moving 

wards. Tl.us it follows tl.at if the curve of F^- 39 is m g 

to tlie left, B is still a region face of the 

rarefaction, but the rarefaction Hence we see 

crest, and the conipre.ssion on » . ^be direct and reflected 

that in Fig. 27 the displacements at 

waves are equal and oppi^ite, an * .;*,,„*ed in regions of rare- 
the figure is drawn both D and i aisplace- 

faction. Consequently we get a . direct and reflected 

ment at B as the result of compounding the 

waves at that point. ^ »:rvne 

94. Properties of stationary f 

Tlie Associated Curve for . of changes as the 

curve, and passes through the same series o c langes 
curve for stationary transverse vibrations. „,„.nts 

Fig. 40 is the associated curve for three v.bratmg segments 

separated by nodes at A and B. 


r\ 
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The curve is drawn in two extreme positions—those in 
which the particle midway between tlie nodes .-1 and B is at 
tlie extreme right hand of its swing and the extreme left hand 
resp(*ctivelv. The former is shewn by a full Jine and the latter 
bv a (lotted line. The state of affairs represented by the dotted 
eiJi ve is reacliefl lialf a period after tliat rejiresentcd by the full 
eui've. 

At the moment shewn by tlie full curve every particle is 

at the end of its swing, and lienee is momentarily at rest. All 

the jiartieles between .1 and B. having ordinates above the axis, 

are at the moment displaced towards the right. All those 

between /i and C are displaced towards the left. It follows 

that there is a crowding in of the particles towards B from both 

.sides, or B is the centre of a region of condensation. Similarly 

tliere is a drawing away of the particles from A. which is con- 

scquentlv at the centre of a region of rarefaction. At the point 

1) half wav between the riodc.s, the tangent to the curve is hori- 
% • 

zontal. There is consequently a small range at this point w here 
all the particles have the same displacement. That is to say, 
they are tlie same distance apart as when there are no waves, 
aiui there is neither condensation nor rarefaction at D. As the 
full curve moves downwards, the tangent at D is always 
liorizontal. and therefore there is never any condensation or 
rarefaction at points half way between two consecutive nodes. 
There will he a moment when the curve takes the form of the 
straight line EC. At this moment each particle is passing 
through its e((uilibriuin position. Tliere is nowhere compression 
or rarefaction, but all the particles have their maximum 
velocity—to the left between -4 and B and to the right between 
B and C. A moment later the curve has got below the axis 
between A and B and above between B and C. The air is now- 
displaced away from B on both sides and therefore B is now a 
centre of rarefaction, and A and C are centres of compression. 

The nomenclature for stationary air vibration is the same 
as that given on p. 47 for stationary vibrations on strings. 

95. Summary of the properties of Stationary Vibrations 
in Air. c can now summarize the chief properties of stationary 
waves in the following statements ; 

(1) There is never any displacement at a node. 
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(2) At any moment the .Usplaeement 15 greater at an anti- 

node than at any other point. 

(3) At any moment the velocity of tlie air is greater at an 

antinode’than at any other point. 

(4) 4s we pass along a .serie.s of Vibrating segments. »e 

aisplaeement is\dterna^ 

consecutive segments. 

(.)) At an antinode the air a!.vay.s lias its normal density. 

(G) A node is a centre of nnxinr.im compression and 
maximum rarefaction alternately. 

(7) As we pass along a series of nodes we find them centres 

of compression and rarefaction alternately. 

j 3;:: ssfir Lii: =:£ 

above can be veriHed by observation of tlie mot.on. 

r* SnsaHon lo displacement are not the same for 
stationary vibrations as they are f"-- I>rog^ss.ve na^s. Tigs, 
and 42 shew the associated curves for the t«o c.ases. 

Tn Fiff 4*^ tho air particles are assumed to be nei ler 

momLlS? 

their locit; :«;‘^!rw:uhrha'vriL raxlmunr 

:Sde The e S of tLe the further difference between 
Tet o sets of curves that those in Fig. 41 travel onwards with 


Itibraiy bn 

SriTM£ur 


^oU 
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the wave, whilst those in Fig. 42 retain the same positions, and 
merely change in amplitude. 



Fjr. 41 Fiy. 42 

Progresaivo wave Stationary wave 

The distribution of energy is not the same in a stationary 
\\ave as in a progressive wave. In the case of a series of 
stationary waves there is no flow of energy along the series. 
The ratio of the kinetic to the potential energy is the same at 
every point at any moment, but the ratio varies from moment 
tf) moment. Wlien. for instance, tlie particles are at the 
e.Ktrcine end of a swing—which occurs at the same moment 
everywhere—the energy is everywhere wholly potential, and 
when the particles are moving through their equilibrium 
pos^ions, the energv is everywhere wholly kinetic. 

97. Reflection at the open end of a Tube. We must 
next return to tlie cylinder and piston of Fig. 32, and find in 
what way rcflcctioh takes place wlien the right hand end is 
open. 

When a pulse of compression is passing over any layer of 
air, tlie layer has both kinetic anti potential energy. It is 
compressed, and it lias a velocity towards the right. It trans¬ 
fers tlie wliole of its energy to its riglit hand neighbour, and is 
itself brought to rest with no compression and no velocity 
remaining. This transference of energy continues unchanged 
along the tube, so long as the resistance to compression of each 
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succeeding layer is the same. At the open end liowever the 
circumstances are different. Inside the tube a layer acted on 
by a compressed layer behiiul it can only move forwards, w hilst 
the layer at the open end can also spread sirleways. Hence a 
compressed layer at the open end meets with les.s resistance to 
expansion than it would meet with inside the tube, and in ex¬ 
panding to such an extent as will reduce its compression to 
2 ero, it does not use up the whole of its energy, but has still 
some kinetic energy left. Consequently the air, instead of 
conjing to rest when it reaches its normal density, overshoots 
the end, and comes to rest only when a rarefaction has been 
produced. This rarefaction will cause a pulse of rarefaction to 
run <lown the tuije, whence we see that when a pulse of com¬ 
pression is reflected from an open end, it changes its sign and 
returns as a rarehiction. 

There is another flifference between the reflections at a 
closed and open end which should be mentioned here, though 
it has no effect on the object we have in view at piesent. 
^\’hen the reflection is from an open end it is only partial, as 
part of the energy of the <lirect wave travels out into the open 
air. 

98. Effect of a change in the bore of a tube. It is 

clear from the explanation we have given of the reflection at an 
open end, that there would be some reflection if a pulse travelled 
along a tube w hich had a sudden change of <iiainetcr at some 
point. 

If a compression starts from A (Fig. 43) and travels to the 
right, it meets witli Icsscnerl resist¬ 
ance on reaching B. overruns itself, 
and pait of its energy is reflected 
back to .1 in a rarefaction. If the 
compression starts from C and travels 
towards the left, it meets a greater 
resistance on reaching B, and part of its energy is reflected back 
to C in a compression. 

In each case part of the energy goes on and part is reflected, 
and the amount reflected depends on the relative cross sections 
of the two parts of the tube. If there is little change of section 
there is little reflection. 
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99 Effect of a change in the density of the medium- 

\V(* shouM al'^o have .s!)in ‘rvthctlon at the surhicc separating 
tlie tuf) ^Mses. it'i)art of the tub? wore filled with one gas and 
l>art with another. .Suppose for instanee tliat the tube is held 
\(M‘tll\'the lower half is filled 'Wth earbon (hoxulc and 
the upp'-r lialf witli air. A pulse of comi)ression travelling <lo\vn 
the tul)e willbe partiallv ivHeeted as a eoinpression and the 
flivldini: surface, for, Hough the elastic re.sistanee of the carbon 
flioxide is tH»t nmeh ditfercuit from that of air. its inertia is about 

lialf as LO'-at again. an<l consecpiently the pul.se will meet with 
greater i-esistanee. wlien it rea'-hes the surface of .separation. 
Tf the ])ulse travels upwards through the carbon dioxide, there 
will he jiartial lellection again but witli change of sign. 

100. Stationary Vibrations in a wipe with an open end. 

As a compressitm is rcfiecU*d as a rarefaction and a rarefaction 
as a compression at the op-ui end of a pip^. it follows that a 
train of waves of alternate compressions and rarefactions will be 
refieeted as .a similar train : but. as compared with a closed 
pi))e. the refieeted train will be shifted backwards througli half 
a wave length in eonsequeiice of the change of phase at the 
moment of refleetion. The result of compounding the direct 
and refieeted trains will as before be a .scries of stationary waves. 
If Fig. 27 be redrawn with the reflected train moved backwards 
or forwards half a wave lengtli—it docs not matter which—it 
will he foiuMl that the open end is not now a node but an 
antinofle, and the first node is a quarter wave-length from the 
end. 


This statement is not strictly accurate. It is an approxi¬ 
mation which is farther from the truth the greater the diameter 
of tlie pipe. The problem of finding the exact circumstances 
of tlie reflection at the open end of a pipe is difficult, and has 
iK)t yet been fully so!ve<l. It appears that the effect is the same 
as if the reflection took place a little distance beyond the end, 
or as if the reflection took place at the end, but the pipe were 
longer by an amount called the correction for the opvfi end. 
Experiments have shewn that for the circular pipe with thin 
walls the correction is about three-fifths of the radius of the 
We shall return to this subject when we discuss tlie 
properties of organ pipes. 
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VELOCITY OF LONGITUDINAL \VA^■ES 

101. Velocity of Waves in Air- H assume that ioiigi- 
tudiual waves can be propagated unchanged in air, we can 

shew that tlic velocity of the waves niu.st be 

expression E is tlie coefficient of volume elasticity, or the I’atio ot 
a small increase of pressure to the small diminution of volume 
per unit volume that results from that increase of^ pressure, 
and p is the density of the gas, or the mass ot unit voiume \' hen 
the gas is in its normal state. 

*Suppose sound is travelling against a wind whicli blows 

with the same velocitv as tliat with winch sound travels in air. 
then, tliough the waves are moving relatively to the air, they 
are at rest relativelv to the ground. Hence the velocity, i)ressure 
and density of tlie air at any point fixed relatively to the groum 
remain constant. Imagine two unit areas A and B lixe<l 
relativelv to the groinul, and so situated that tlie line joining 
their centres is in the direction in which the wind blows, their 
planes Le'ng perpendicular to this line. Suppose A is at a 
of a particular wave where the air has its normal density, and B 
is at some other part of the wave, and suppose the wind lilows 
from A to B. Let us suppose for the sake of definiteness that 
B is situated in a region of rarefaction, whore tlie pressure is less 
than at A. It is clear that the same mass of air nui.st pass per 
second through A and B, as tlie st.ate of the air as iegar( s 
density and velocity remains constant at any point iixef 
relativelv to the ground and there cannot be any cliangc in the 

mass of air between the two areas. Further, since tlie \olumc 
of a given mass of air depends on its pressure, a greater \olume 
of air must flow through B than through A, or the velocity o 
the air is greater at B than at A. 
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Let r, p, p be the velocity, pressure and density respective¬ 
ly at A, and V\ />', P be the same quantities at B. 

We have then the two following conditions : 


(fl) The mass of air between the planes is invariable, and 
therefore the mass of air crossing the plane A per second is 
equal to the mass crossing B per second. This gives the 


equation 


Vp=V'p' 



(h) The velocity at B being greater than that at A the air 
must have gained momentum between A and B, and by the 
Second Law of Motion the external force on the layer of air 
^^hi(•ll is between A and B at any instant is equal to the rate 
of cliange of momentum of this same mass of air at the same 

instant, whence 

p-p' = V'p'xV'-VpxV .(2). 

Substituting in (2) the value of V' given by (1) we have 


' 1*2 ^ ^ 
P-P =* p' 


r-= 


pp-p 


p p-p 

From the definition of the coefficient of volume-elasticity 
we inav write 

P-P' 

Cv'~v)lv 


where v is the volume of unit mass, or the reciprocal of p. 


Substituting for v we have 


P-P 


and tlierefore 


P 


Now is tlie velocity at A, where the air has its normal 
<lensity. and is therefore the general velocity of the wind, 
which was chosen so as to be equal and opposite to the velocity 
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witli whicli the wave would travel in still air. Coipequently 

the velocity of sound waves through the air is ^ y 

102. Velocity of Elastic Waves of any type. It will be 
seen that this method is analogous to that 

for findinv the velocity of a transverse wave along a stnn^ an 1 

te res Tue expression is similar. When a wave of any kmd 

is propaLmt^d bv the action of elastic forces, the veloc.ty ot the 

wave fs proportional to the square root of ‘l; 

eoefficien't of elasticity, and inversely P',"!".”'*‘'I X”'' 

root of the appropriate expre-ssion for the meitia ot the suti . 

If for instance, one end of a long cylindrical rod be rap.dl.v 

twisted 1 little first to the right and then to *1'^ hP- • 

!:tri:^n:i::.st to tte 

Newton’s Calculation of the Velocity of Sound. 

The expression a/^'I 

first obtained by Newton, who used it 

imd ^w h^i^ h.r the 

compressions J". “ if Boy'le s'lav hold's. 

r"™''fe"tbe ptlp + sr, where 

Sris smalh and u is in consequence changed to v So ■ then 

pv = {p-\-Bp) {v-Sv) 

=zpv + vSp- 7)Sf — 82 >St’. 

The last term being the product of two small quantities 

may be neglected, and we have therefore vSp-pSi, or 

sp 

P=v , 

which is by our definition the value of £. This is called the 
Ctte.‘LrCoefficient of Elasticity of a gas, for Boyle s Law 
assumes that the temperature is constant. 

2.0 0 ^^. 
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'I'lius the vfltK'ity of sound is if Boyle’s Law holds 

for 1 lie compressions and rarefactions. If v be the volume of 

unit mass, we liave r = l p and therefore the expression for the 
velocity can be \\iitten \ j>i. 


Xeulon. nsin*i the values accepted at that time for p and 
p. found t)71) feet jier seconrl for the veiocity of sound in air, 
\\li(r<“as the leal velocity was known to him to be about 1 HMJ 
feet ]r.*r second, and the discrepancy would have been still 
i:reater if he iiad used more accurate values for p and p. He 
accounted for the tli.screp.incy of 1 part in S by assuming that 
one-eiglith of the space travelled over bv the sound was 
oc<-npied by the particles of air, and that the formula applied 
only to the remaining seven-eighths, the sound passing in¬ 
stantaneously thiough the actual particles. He also assumed 
tliat any water vapour that might be jiresent had no share in 
i-onductint: tlie .sound. These were unwarranted assumptions 
witli no experimental justification, and it was a century before 
the true explanation of tlie discrepancy was found by Laplace. 


104 Laplace’s correction of Newton’s calculation. 

When a gas is compressed it is heated, as is shewn, for instance, 
bv the con.siderahle rise of temperature of a bicycle pump after 
it has heen u.sed for inllating a tyre. Similarly, when a gas is 
rarefied it is cooled. 

Xo\\ Boyle's law is true only wlien tlie temperature of the 
gas is kept constant, and therefore, if it is to be applicable to 
sound waves, we must suppose that the heat produced in the 
regions of eomyiression is transferred so rapidly by radiation 
and eunduetion to the regions of rarefaction, that the gas is 
maintained constantly at the same temperature everywhere. 
In \ iew of the rapid changes of pressure in air when sound 
\va\'es are passing, and the poor radiating and conducting 
powers of gases, this equalization of temperature seems 
iinprobahle, and Laplace pointed out that we should use not 
the Isothermal but tlie Adiabatic CoeflBcient, w’hich is the 

value of V when no heat is allowed to enter or leave the 

8y 

air. It is evidently greater than the Isothermal Coefficient, for 
the pressure of a gas can be raised either by heating the gas 
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Avithout cliange of volume, or by compressing it ^vitliout 
change of temperature. In tlie case of an adiabatic compre.ssion 
the volume is reduced, and also tlie tcmj)eraturc i.s laised, .since 
the heat piofhiced by the cc)mj)i'ession i.s not allowed to escape. 
Hence the I’ise of pi’cssure is greater than it i.s w lien the same 

compression is made isotheiinally. for in this latter case the 
heat produced is removed, and plays no part in raising the 
pressure. 

105. Adiabatic Coefficient of Elasticity of a gas. It can 
be shevn bv theumodA'namical method.s that ^^hcn tlie changes 

of ine.ssure ai-c adiabatic is constant, where y is constant 
for any one gas. but not tlie same for al! gase*s. 

If we give tlie same meaihng.s to the letters as we did w hen 
finding the isothermal coefficient of elasticity, we have, when 
the compressions are adiabatic, 

pr^={p + 5/>)(y-Sf)'^. 

y/ gl' \y 

The last factor on the right can be w ritten v ^ 1 —- J . 

Expanding this bv the Binominal Theorem and neglecting all 

terms containing higher powers of than the first we have 

V v/ 8^’ N 

yjr l-y ~ J- 

Multiply out, neglecting the product of the small quantities 
gp and gf, and we find 

vZp 

— YP- 
8v 

Thus we see that the adiabatic coefficient of elasticity is 
y times the isothermal coefficient. 


It can be shewn that the specific heat of a gas when the 
pressure is kept constant is y times the specific heat when the 
volume is kept constant. It is from this relation that y is 
usually called the Balio of the Specific Heats. 

The constant y is of importance in the theory of gases, 

and many experiments have been made to find its value, it 
hasbeenfoundtohave the value 1-66 for monatomic gases 
such as argon and mercury vapour, 1-41 for most diatomic 
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pase-j, inrhidiiii; air, oxvpon, iiitroiieii and hydrogen, and lower 
values fo!' gases of gieatcr atoin*t'ity. ^lost of the cletcrniina* 
tions have been made by m?asman 2 the velocity of sound m a 
ga'=, and thence ealeulat.ng y. It woulcl not. of course, be 
legitimate t ) n^o a valu? of y s.) determin:* 1 for testing t!ie 


eoriv' 


tn*>-; of tlie formula V — 


V 


l)«t there are other 


nn'lliods sneh as tliat of C’lement and Desormes, which are 
inde(>.'ndent of the velocity of .sourul. and it is found from tlie.se 
that ) lias the value 1*41 for air. 

When Xew ton’s formula is correetefl by lejilacing p by 
yp. it gives a value for the velocity of sound which is in 
agreement with the results of expciiment. 

It mi'iht he thought that though there may not be enough 

transference of heat from the hot to the cold jilaces to keep the 

tempeiatuK' constant, there might be .some transference, and 

that wo «);iglit therefore to us? a value for the coefficient of 

('iastieity int rm-'diat? between yi and yp. It lias been shewn 

however by Stok'*s tint, if there were any appreciable trails- 

fennice f>f beat short of what is re(juire<l to make the changes 

isothermal, the .sound would b? nipidly stifled. Sound could 

not travel sueit distances as are actually observed, unless the 

coinpre.v<ions ar<* either isotheranal or adiabatic, and Laplace’s 

ealeulation enables us to .sav that the^• must b? adiabatic. 

« * 


a/ 


? I 

velocity of sound in a gas depends on the nature of the sound 
w aves, and on the pre.s.sure, den.sity and temperature of the gas. 


106. Velocity almost independent of Amplitude. We 

see in the first place that neither the wave-length nor the am- 
plitiifle of the w'aves appears in the expression, and therefore 
to a first approximation waves of all lengths and amplitudes 
travel with the same velocity. Tins is true only when the am¬ 
plitude is small, as is generallj’ the case. It will be remembered 
that in proving the coefficient of elasticity to be yp we neglect¬ 
ed certain small terms. If these terms were retained the co¬ 
efficient would be a little greater. We Iiave assumed for gases 
a law similar to Hookes Law for solids, and it is not strictly 
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correct to make this assumption except when the amplitude is 
infinitely small. For all ordinary sounds it is sufficiently accu¬ 
rate to take the velocity as independent of the amplitude, but 
very loud sounds, such as the sound of a cannon, do in fact 
travel appreciably faster then ordinary sounds. 


107. Velocity independent of Pitch. Since the velocity 
of sound is the same for all wave-lengths, and amplitudes pro¬ 
vided the amplitude is not very great, we see from the equation 
v = ii7\ that the wave-length is inversely proportional to thefre. 
quency • that is to say, the higher the pitch of a note the less 
is its wave-length. The lowest audible note lias a frequency 30. 
If we assume tlie velocity of sound is 1090 ft. per sec. we find 

from the equation above that tlie wave-length of tlie note is 

3G‘3 ft. The highest audible note has a frequency about 20.000 
whence Its wave-length is 5 inch. A man’s ordinary speaking 
voice has a wave length of about 8 feet, and a woman’s about 


4 feet. 

108. Velocity independent of Pressure- It is clear tliat 
a change in tlie pressure of the air has no effect on tlie velocity 
of sourul for the density changes in the same proportion as the 
pressure and p p is unchanged. Hence a rise or fall of the 
barometer makes no change in the velocity, and sound travels 
witli the same yeiocity at high altitudes as at the sea level. 


109. Velocity in different gases. If 've compare the velo- 
city in any one gas with that in another of <hiferent density, we 
see that the velocities are inversely proportional to the square 
roots of the densities, provided y has ihe same va ue for the 
two gases, Ox 3 *geii and hvdrogen, tor instance, have the sam3 
but oxygen is IG times as dense as hydrogen, and theretore the 
velocity of sound in hydrogen is 4 times as great as in oxygen. 
We shall see later, when we treat of organ pipes, that a wliistle 
blown with hydrogen would give a note two octaves higher than 
the same whikle blown with oxygen at tlie same temperature, 
for the pitch of the whistle depends on tlie number of times 
the sound can travel the length of the pipe in a second. Ihe 
change of pitch due to change of density is easily shewn by 
blowing a whistle first with air and then with coal gas. 

Blaikley has pointed out (Ca7itor Lecture., 190i) that if 
the earth’s atmosphere had consisted of hydrogen instead of air, 
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n Pio(i*Io wouM have iiecdcil to he a yard long, and a eoiitra- 
hass Saxhorn ay long as a crieket pitcli. to give notes of the 
same pitch as at present. 

110. Effect of Temperature on Velocity. In order to find 
tlie effect of temperature we may write the expression for tlie 

velooitv in tlie form s/ypt'- We know from Charles’ Law that 
pv~ki, where k is a constant for any one gas, and / is the abso¬ 
lute temperature, and therefore Me have ]' = ^^/ykt or tlie velo. 
city of sound in a gas is proportional to the square root of the 
absolute temperature of the gas. If C is the temperature on the 
Centigrade scale 

r = V^yi-(C-h273) 

and if F is the temperature on the Fahrenheit scale 


In order to get a numerical estimate of the effect of tem¬ 
perature let us .suppose temperature rises from 60'^ F. to 61® F., 
then we have 


Velocity at Q(f \^r)l9 1039 . 

Wlocity at'oT®' ^ 520^T040 ^ 


As the velocity of sound at 60® is not far from 1039 feet 
per seeoml, it follows that the velocity of sound in air increases 
by about one foot per second for each Fahrenheit degree rise 
of tempera I lire at ordinary temperatures. 


111. Velocity in Mixtures of Gases. If we have a mixture 
of two or more gases, we must use the actual density of the 
mixture in calculating the velocity of sound. If the y of tlie 
constituents is not the same, the appropriate value to be used 
must be calculated from the values for the separate consti¬ 
tuents*. 


•If P is the pressure and T the ratio of tlio specific heats of the mix- 
tviro it can bo shown that 

ri_i yj-i+y,_i 

wliero;)!. arc the partial pressures, and y,, 7^, etc. the ratios of 

tlio specific heats of the constituents of the mixture. 



VELOCITV OF LON’GITUDIKAL WAVES 


83 


The mixture witli wliiih we are mast iisualiy coneerued is 
moist air. which is merely a mixture of water \ apoui’ and air. 
Water vapour is lighter than air in the ratio of 0 to 14-4 ; lienee 
the more moistui’e there Is in tliea.r the greater is tlie velocity 
of sound. 

As an illustration of the use of the formula let us find the 
veloeitv of sound in dry air at 20’ C.. assuming the velocity in 
drv air' at O'C. to he 332 metres per see. ^^■e have 

veloeitv at 20'’ \''293 

» __ ^ _ 

velocity at 0®”~v'273* 


V 


Next sujipose the air is saturated with moisture at 20 , and 
that the height of the barometer is 700 mrn. The maximum 
vapoiii* pre.ssure of water vapour at 20®C is 17'4 imu.. lumee the 
partial pressure of the water vapour is 17'4 and that ot the air 
742’6 mm. If the density of hydrogen be taken as 1, that of 
air is 14'4, and that of water vapour 9 under the same oon<li- 
tions of ternperatui'e and pressure. The density of the moist air 
will then be in the same units 


or 14-28. 


17-4x9+742-6xl4-4 
760 

The value of 7 for water vapour hs about T3, whilst that 
for air Is 1-41. but as the amount of water vapour in the air is 
so small, the effect of this difference is inappreciable, and we 
may assume that 7 for the wet air is the same as for dry air. 
^^'c may therefore w rite 

velocity of sound in wet a ir at 20^ ^ 1*1 . 

velocity of sound in dry air at 20' \/14 28 

Or the velocity in wet air at 20"* 

== A344 = 345-3 metres per sec. 

Vf 14 28 

Thus the effect of saturating the air with moisture at 20°C. is 
to make sound travel faster by 1 3 metres per sec. 

112. Velocity of Sound in Liquids. Longitudinal waves 
can travel through liquids in the same way as they travel 
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throuiih air. and the expression for their velocity is the same as 
that for air. 


Li(pii(ls retjuiiv verv ^jreat forces to compress them, or m 
other words their eoellicient of volume elasticity is very great. 
This lai L^e coefficient of elastkity is more than enough to com- 
])ensate tlieir iireater density, and it is found that the velocity 
of .'^oiiiul in liquid.s is in general greater than in gases. 
The velocity of sound in \^atel. for in.stance. is about 1450 
metres i)er see. which is nearly 5 times as great as the velocity 
in air. 


113. Velocity of Sound in Solids. We can have longitudi¬ 
nal waves in solids, but the expression for their velocity is not 
so simple as in the ease of gases and liquids, A solid has two 
fundamental eoerticienls of elasticity, a volume coefficient and 
a ri.Liiflity coefficient, and both are involved in the expression 
for the velocity. 

Wlien a longitudinal wave travels along a thin rod of 
metal, there is lateral expansion of the rod at regions of com¬ 
pression, aiul shrinkage at regions of rarefaction. In this case 
tlie (oefficient of elasticity concerned is Young’s Modulus, the 
ratio of the force used to stretch a rod of unit section to the 
resulting extension of unit length of the rod. If longitudinal 
waves travel through a of the same metal the lateral 

expansion aiul shrinkage cannot take place, and the coefficient 
of elasticity is greater than in the case of a rod. It follows that 
the uaves travel more slowly tlirougli a rod than through an 
c.xtended mass of the same material. 

Tlie methods used for measuring the velocity* of sound 
experimentally will be given in Chapter XII. 

114. Velocity of Sound in Various Media. The annexed 
table gives tlie velocity of sound in several media. The last 
five must not be taken as more than rough approximations. 
Different samples of the materials var^' greatly in their proper¬ 
ties, and different observers have found very different values for 
the velocity of sound. 
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Air at C^C. 

Hy<irogen 

Carbon Dioxide 

Water 

Iron 

Oak 

Pine 

Gloss 

Vulcanized indiarubber 


332 metres per second 
1270 „ 

—•) / >} >> 

14o0 jy >7 


5000 


3400 


5200 


5500 





4 
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tion and nKFi^\rTiox. dot’PIJjk s 

n{JN( Ji'i.K 

115. Reflection of Spherical Waves. Wv have already 
dealt in t’liajiter I\’ uith the lefieetion of sound at the closed 
or open etid of a pipe. We must t\u n now to tlie more general 
case of tc(le< tion of waves in the open air. 

Let .1 (Fig. 44) he a .source of sound from whieh spherical 
waves spread out in every direction, and let tlie circles drawn 
with .4 as centre he the secthms of those sj)lierical wave-fronts 
whieh shew the positions of the surfaces of maximum com- 
jjre.xsiou at the moment for which tlie hgure is drawn. The 
radius (tf each of tiicse circles increases hy about 1100 feet per 
second, if tiic air has its ordinary temperature, and the distance 
Iietween any two consecutive circles measured along a radius is 
the wave-length <if the .sound. 

Let d/.V he a rigid wall and 0 the pointwheretheper- 
jKuiflicnlar from *4 meets the wall. At the moment for which 
the Hgure is drawn the wave-front 0 touches the wall at 0. A 
little later the part of the wave-front that is not hindered by 
the wall will iiave come into the position 7, but the part be¬ 
tween (' and I) will liave been relleetcd towards the left. The 
I)art near () reached the wall first and was reflected first, tlie 
parts farther from f) were reflected a little later, whilst the 
jmrts at (' and f) liave just come into a position to be reflected, 
(’on.scqucntly the wave-front Iietween (' and D will have taken 
.some such sliape as the curve Cli/) ; that is to .say, the wave- 
front which liad tlic form of tlie .^plierc flOh' has now been 
bulged inwards between C and L>, and the bulge is travelling 
towards the left. As the original wave-front continues to spread 
outwards from .1 the bulge will get deeper and wider, and will 
occupy the successive positions shewn in the figure. 
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It cun be sliewn tlmt the bniites 
outwards from B as centre, where B is r 
as .4 is in front of it. and their velocity 
t!ie original wave-fronts. 


are splieies 
< far behind 
is tlie same 


sj)rea<ling 
the \\all 
as that of 




116. Sound Images. These spliercs form the reflected 
wnve-fronts ; and we see therefore that the sound aftei leflec- 
tion appears to radiate from tlie point 11. Lsmg the analogy 
of light we may say that B is the sound image of A. • The con¬ 
struction for finding B is the same as would be employed it it 
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'I'cre reqiiilfd to find the image of A, if*d were a source of 
light, and MX were a mirror. 

In Optics it is often more convenient to solve problems by 

making use of rays in.«tead of wave- 

fronts, and we may u.«e the same 

method here. We should then look 

on A as sending out rays of sound 

in every direction ; any ray such a.s 

.-IC Ix'iriL' reflected l)v the wall in 

% 

such a direction that the incident 
ami refiectod rays make the same 
angle with the normal to tfie wall. 

It A(’ and CF make the same 
angle with tlie normal the triangle 
( OB formed by continuing FC 
backwaifls until it meets AO produccfl is equal in all respects 
to the triangle ACO, and therefore OB is equal to AO. The 
same applies to every ray from that strikes the wall, and 
conse<|uentIy all tlie rays will after reflection appear to have 
come from B. if <jur assumption that the incident and reflected 
rays make the same angle with the normal is correct. We shall 
return to this jioint presently. 

117. Echoes. We have now the explanation of the 
simplest kind of echo. Suppose a pei-son situated at .4 (Fig. 45) 
makes a sliarp sound, such as that produce<l by clapping the 
hands, or firing a gun, and there is a listener at F. The sound 
readies I f)y two paths, one of which is the direct line AF, and 
the other is the broken line ACF. These paths are of different 
lengths and therefore two .sounds will reach F, the fii*st by the 
path 4/’, ami the second by the path ACF. The interval of 
\*.*^^* them will be the time sound takes to travel tiie 

difference between the lengths of the two paths. Suppose for 
m.stance that di'is half a mile and y46'-f-C/’ is a mile and a 
halt, the seeoml sound has to travel a mile farther than the 

iirst, and so will reach F nearly 5 seconds later. 

It is possible to make a rough determination of the velocity 
of sound by making use of an echo. Stand about 100 vards 
Irom a hi«?h wall or the side of a house and clap the hands. An 
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echo will be heard, and if by some means the interval between 

the clap and the arrival of the echo is measured, we shall know 

the time taken by the sound to travel to the wall and back 

% 

alon" a line pcipendicular to the y all. The velocity could not 

be measuicd very accurately in this way. as in the case piven 

the interval between the clap and the arrival of tlje echo would 

be onl\’ a little over half a second, which is too short to uieasuie 
% 

without s[)ecial ap|)liances. ^lorcover. in the open air most of 
the s(jund spreads out sideways and is lost, .so (hat the echo is 
faint unle.s.s the sound is hnid. The experiment can be carried 
out more easily in a tunnel with a clo.sed end or in a cloistm’. 
Stand near one end of the cloister and clap the hands at regjilar 
intei\als, timing the intervals to one second by means of a 
yatch, 01 ' a metronome which ticks seconds. Xow move .slowly 
away from the wall, and j)i-e.sently an echo will be heard follow ¬ 
ing each of the claj)S. Continue to move from tlie wall until 
the echoe.s fall exactly Indfway between the claps, which can be 
judged with considerable accuracy by the ear. and measuie the 
distance irom the wall when this happens. It is cleai' that the 
sounfl now takc.s half a sccoiul to tra\ el to the wall and back, 
and if, for instance, the distance of the observer from the wall 
is found to be 275 ft., the velocity of sound h llOt) ft. per 
second. 


118. Reflection of Sound by Spherical Mirrors. We have 
assume<l that sound is reflected according to the same laws as 
hold for light, namely : — 

(1) Tlie incident ray. tlic reflected ray, and the normal to 
the reflecting surface are in (he same plane. 

(2) The incident ray and tlic reflected ray make ccjua! 
angles with the normal. 

It is shewn in books on Optics tliat. if these laws are 
true, a beam of parallel rays falling normally on a spherical 

mirror will come together at the principal focus of tlic mirror 

after reflection ; the principal focus being tlie centre of a radius 
of the mirror drawn in the direction in which the incident beam 
travels. Conversely, if a source of light is placed at the principal 
focu.s, the rays diverging from it so as to strike tlie niiiioi will 
be reflected as a parallel beam. 

Library Sri Htatap 
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A .siijhljir rosnit is olitain*'I exp “rim‘:‘ntally when a .«ourec 

(‘f sontul is iis-si itisteatl (tf.a soiirec of liizht, and the experi- 

JiHiit niay he taken as a verification of t!ie two laws .stated 
ah(»\e 



Fig. 40 

Place t\v<» lar'ie .splieneal mirrors facing each other, and 20 
to .>11 leet apart. ,\( the foeii.s of i>ne of tlie mirrors place a 
Watch that ticks fairly loudly. The soniul waves which strike 
the mirror .1 will he reflected in a parallel beam, and will there, 
fore travel without loss of intensity to the mirror B, where 
they will he reflected again and converge to the focus ' There 
will <onse(piently he a concentration of the .sound at the focus 
of the second mirror, and the ticking of the watch will he 
heard clearly if a small funnel eonnected with a rubber tube 
lead.ng to th:* ear be placed at the focu.s. but will be inaudible 
it the funnel is moved a little fli.stance awav. The mouth of the 
funnel must he tainted towards the mirror B, for the sound is 
lieanl hy means of ray.s that have been reflected from the two 
minors, ami rjot hy moans of rav.s that come directly from the 
wat. l, r.. lha tunnel TI.ese latter rays are divergeiit. and are 
too weak to afiect the ear. 

The experiment can l.e shewn in a striking manner to a 
number ol persons at once hy nsinp a sensitive flame instead of 
a funnel and tube. Jo make a sensitive flame draw out a piece 
of piass tnhm.; to a tme point, and eonneet it to a gas hag of 
eoal gas I.,ght tlie gas issuing from the narrow tube, and 
gradually nierease the weights on tlie gas bag until the flame is 
on lie point of roaring. The flame will now be steady and a 
foot Ol more in height aeeording to the size of the jet, but if aiiv 
sound of liigh pitch IS made in its nciglibonrhood it will become 
muc h shorter and will roar. The rattle of a bunch of kevs or a 
hiss will make it drop at once, and if one talks in its presence 

d mil drop whenever ttie letter 5 is pronounced. w Tueh a 
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senj^itivo flauio is j)lace(l witli the po.iil of tlu' ^'lass tube at tlie 
focus of the niirrur/i. llie flame will dance in lime with the 
ticks of the watch, hut the dancinu will cea.'^e if the jt't is moved 
a little to one sifle. for it is only at the focus that tlie soinal is 
strong enough to affect the flame. 

119. Concentration of Sound by the Walls of a Room 

One occasionalU' meets with an in.slanee of tins coiioenti’ation 
of sound hy t urvetl surfaee.s in a lai-ge room. If the o))|K).Site 
ends of the roi>m are eurved, a j)er.s<j/j speak.nit at the focus of 
one ejid is heard distinetly )*y a person stan lljig at the locus of 
the jjtherend. As the eurved wall is generally part of a cylinder 
and not part of a spliere, the focus is not a po.nt hut is sjn'ead 
out info a line. The eoneentration of the sound is therefore nut 
so great as it is when the reficeting surfaces are spherical. 


It is not es.sential that the .souree of sound should he at the 
prineij)al focus of the fiist mirroi'. It mu.st be on or near the 
common axis of the two miri’ors, hut there w.ll he a concentra. 
tion of the .sound at some point, wlierever tlie source is situated 
along (lie axis. This follows from the analogy of the corres¬ 
ponding optical phenomenon. 


It is not even necessary tliat theie .sliould be two mirrors. 
Alight placed anywliere on or near flic axis of a spherical 
minor, and fai’ther from tlie niirroi than Ihe ])r.iicij)ai focus, 
will have a real image somewhere, tlie J.ght and .ts image being 
situateil at a pair of conjugate foci ; and the same is true of 
sound. There are stories of *ehurches wliere one can hear at 
certain points what is said in distant confessional boxes If the 
stories are true, it is probable that the sound of tlie voices is 

collected bv some eurveil surface and concentrated at a distant 

% 

point. 


120. Whispering Galleries- The well-known Wliisperjiig 
Gallery of St. Paul s owes its peculiar acoustical properties to 
the reflection of sound by the walls. Tlie gallery is in the 
form of a circle running round the base of tlic inside of the 
dome. 
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If a parson at any point A puts his hear! Hose to tlic waU 

and wliispoi-s. the wliisiier 

can i)c lieaid at any |)aii 

of the I'allerv. if tlie 

listener also places his 

head near the wall. This 

is not a case of the eon- 

(cntratlon of tlie sound at 

a locus, foi- the «liisper 

can he heard almost 

e<|nally well at any part of 

tlu' jiallery. and the 

listener can oasil\ eon- 

% 

virue liim.self that tlie 
somul ereej)s round the 
dom(‘ in a thin sheet Ho.se 

to the wall. 1 -ij;. 47 



If the <lomo were not present, the sound from A would 
spj-ead out efpially in all directions, and woiiUl fall off' in inten¬ 
sity inversely as the square of the distance from A. The etfect 
of the dome however i.s to prevent much of the spreading. 


A r;iy .!/>. for instance, whiHi starts in a direction that 
docs not make a large ilngle with the tangent to the wall near 
-I. wdl tiike the patii A/9CD, etc., and so remain near the wall, 
and many other ray.s follow similar paths, so that the .sound 
remains stroiur enough to lie audible at any point of the 
eiicnm ferem c. 

121. Musical Echo from a Row of Palings. If a .sharp 
Sound i.s made near tlie end ol a row of palings, the echo 
sometimes tako.s the form of a musical note. Each of the 
jialings rcHct-ts the sound in turn, and the further they are from 
the listener, the lon"cr the soumi takes to return, so that the 
result is that we have a .series of echoes following each other in 
raj)id sueec.ssion. arul if the palings are sufficiently close together, 
the eelioes will blend into a musical note. 


122. Experimental demonstration of Stationary Vibra** 
tions in Air. We saw in Chapter IV that, when a train of 
M'aves is reHceted from a sol'd ob.staHe, the direct and reflectetl 
trains combine to give a series of stationary vibrations with 
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nodes half a wave-Ienpth apart, the reflcctiiig surface being at 
a node. Tins plienomenon can be conveniently investigated 
experimentally with the aid of a sensitive flame. 


A note of high pitcli is needed for the experiment, for the 
flame is not afl’eeted by notes of mofllum or low j)iteh. A 
■whistle that gives a note suitable for the purpose can be made 
in the following way. Take a bra.ss tube six inches long and 
an in<-h in diameter, and close one end with a very thin plate 
pierced with a hole in. in diameter. Take a scconrl tube 
eight to ten hiche.s long, and of sucli a diameter that it slides 
tightly over tlie shorter tube, and fix at its centre a thin plate 
also pierced with a hole -do in. in diameter. .Slirle the wider 
tube over the closed end of the narrower tube, until the two 
pierced plates are half an inch or less from each other, and 
connect the open end of the nan'o^er tube with a gas bag 
full of air. The whistle will be found to give a high note which 
has a powerful effect on the sensitive flame. Tlie pressure 
on the gas bags supplying the whistle and flame should be 
regulated so as to give the best effect, and should be kept 
constant as the pitch of the note depends on the pressine. 

Place the whistle with its mouth several feet from a 
vertical board, and bring the sensitive flame between the whistle 
and the board. As the flame is moved along the normal from 
the whistle to the board, there ^^■ill be found a series of equi* 
distant points at whicli it is undisturbed. These points are the 
nodes of the stationary waves, and the distance between any 
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two consecutive nodes is half a wavedength. The experiment 
gives us the means of finding the pitch of tJie whistle, for we 
know the velocity of sound, and can find the wave-length by 
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iloiiblintr the <listanr(‘ln*tween two consooiitive nofles, and so 
we ean raleuiate thi' frecjucney n from tfjo equation 


"rfi(‘ wave fronts here are sptiercs witli tlie nioutli of t!ie 
whistle as eentre. and therefore the eireumstanees are not the 
saiiK'as in I he ease where stationary waves are formed In a 
tube as explained in Clnipter IN'. »Sinee the flame is moved 
aloncr tliat radius of the splieres whieh is normal to the board, 
the tanuents to tlie wave-fronts at points on the path of the 
tlaiiK' are all parallel to the board. The only rays with which 
we are eoneerned lie very el<».se to the normal, the oblique rays 
being reflected away from the flame, and we may therefore 
regard the wave-fronts a.s being small parallel planes. The 
nodes will not all be equally well marked, for the sound falls 
off in intensity as it get.s farther from the whistle. The farther 
a node is from the board, the greater will be the difference 
between the intensities of the direct and the reflected waves, 
and the less well marked will be the node. Measurements should 
therehwe be matle as close to the boarfi as possible. If accurate 
ineasurement.s are desired some means must be adoptefi for 
preventing the re.flection of waves from the table on which the 
a{)paratus stands, for these waves alter the positions of the 
no les. A sheet of cotton wool or felt will destroy the greater 
part of t he reflection. 


123- Refraction of Sound- NVe have a further analogy 
w ith light in the refraction of sound. When plane sound-waves 
ci-oss the boundary .separating two media in which their velocity 
is ilifferent they are deflected, their direction of propagation 
making a smaller angle with the normal to the separating sur¬ 
face in the medium in wliich thev have the smaller velocity. 


The rea.son for the refraction need not be given here as it 
is tl»e same as for liglit, and can be found in any ti”eatise on 
optie.s. The laws of the refraction of sound too are the same 
as for light. The incident ray. the normal to the refracting 
surface, and the refracted ray are in the same plane ; and the 
sine ol the angle between the incident ra^’^ and the normal 
bears a constant ratio to the sine of the angle between the 
refracted ray and the normal, this ratio being equal to the ratio 
of the velocities of sound in the two media. 
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124. Total Internal Refl3Ction of Sound. Tlie case of 
Total Internal Reflection lias an interestini; aiiplieatioii in 
acoustics. 


E 


i'l 



Let IB !)e tlic sinfaee separat- 
injr two media of whieli the lower i.s 
that in which the sound travels more 
.slowR’. and lot CO be a rav of sound 

incident at O. Bv the second Lau' 

% 

of Refraction we ha\e 

sin COE 
sin IjOF" 

where r, and r^ arc the velocities of 
sound in the two media. If CO just 
grazes the surface. COE^\\(,C and 
sin ('OE = \. whence sin DOF = i\Jv^. 

Now the path of any ray. whether of light or sound, is reversible, 
and therefore if DO is the incident ray, the refracted ray " ill 
graze the surface on emergence into the upper medium. If the 
incident ray makes any greater angle than FOD vith the 
normal it cannot emerge at all into the upper medium, for if 
it did emerge it would violate the second law. It is then 
totally reflected at the separating surface, and remains in the 
lower medium. The eritieal angle beyontl which total reflection 
takes place is the angle which has a sine equal to v^jv^. Let us 
suppo.se the lower medium is air and the upper is pine wood. 
The \elocitics of sound in the two media are 332 and 5200 
metres per second respectively. Consequently the sine of the 
critical angle is sVoo. ^nd the angle is about 35'*. Thu.s we see 
that unless the .sound strikes the surface very nearly normally 
none of it " ill get into the wood, and eonver.sely. if a source of 
sound is inside a mass of wood, the rays " hich emerge into the 
air will nowhere make an angle of more than 3^* with the 
normal at the point where thej’ emerge. 

We .see too " hy sound loses so little in intensity when it 
travels along a pipe, for it cannot get out unless it strikes tlie 
walls nearly normally. 

125. Effect of Wind on Sound. It is well kno" n that 
sounds travelling witli the wind are heard better than those 
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Iravi‘lliti 2 a^rainst it. This is <lue to a phenomenon analogous 
to retract ion. 

J>ct IIS suppose that both souiul and wind are travelling 
fVoni left to right, and .-1 (Fig. .50) 
re))resonts a wave-front at any ^ ^ 

moment. The wind travels more f C 

slowly near the ground than higher - / / 

up. ami the u{)per part of the wave- j 

fiont is helpeil forward more than / / 

the lower pait. Consequently, as 11/ 

tlie wave-front move.s on, it will / / / 

tilt tdrward into the positions B. 11/ 

('. I), etc. Xow the sound always ^^- i—L - 

travels in a direction at right angles 

to the wave-front, and therefore any ray drawn at right angles 
to all the wave-fronts takes a patli which curves downwards 
towards the groun 1 like the curved line in Fig. 50. 

A person when speaking .semis out rays of sound in every 

direction. If the air is still the ■ ■ " > ^-^ 

rays are straight, and so most _ 

of tlieni go above the listener - 

and arc lost. If however the j^—~ 

wind blows from the speaker 
to the listener, the ravs that 

travel with the wind curve down- --- I__ 

wards and many that would Fig. 51 

otherwise he lust are able to 

reach the listener. The effect is specially marked when there are 
obstacles between the speaker and the listener, for the curva¬ 
ture of the rays enables the sound to rise over the obstacle and 
come down on the other side. 

When the sound travels against tlie wind the effect is 
rcvei'sed. The upper part of a / 

wave-front is retarded more -^ 

than the lower part. The wave- 

front thci'cfore tilts backwards, 

and the sound rays curve up- 

wards as in Fig. 52. The result 

of this is that at some little ^ 

distance from the speaker there ^■ • ■ - -' 

are no sound rays remaining 

near tlie ground, and the sound 

is inaudible. 


Fig. 51 
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126. Effect of Varying Temperature of the Air. A 

similar effect is observed when there is a gradual change in tlie 
temperature of the air from the ground upwards. 

Suppose, for instance, tlie temperature rises as we go up¬ 
wards. The warmer tlie air, the greater is the velocity of sound 
in it and therefore the result will be the same as wlien sound 
travels witli the wind. The upper parts of tlie wave-fronts will 
travel faster than the lower parts, and the sound rays will curve 
downwards. Conversely if the temperature of the air gets 
lower from the ground upwards the sound rays will be deflected 
upwards and will be lost in the upper air. 

127. Sound Shadows. There is one marked difference 
between light and sound which merits a little explanation, 
though the complete explanation is beyond the scope of this 
book. Sound ami light both consist of wave motion, and w-e 
have seen that many of the phenomena of light have their 
counterpart in the case of sound. In the matter of the casting 
of shadows, however, there appears at first sight to be a differ¬ 
ence. If an opaque obstacle is placed in the path of a beam 
of light, no light in general gets round to the back of the 
obstacle, but we have a sharply defined shadow. If an obstacle 
is placed in the path of a beam of sound, this effect is generally 
almost absent. The sound appears to be able to get round 
corners quite freely, and is heard almost as well behind the 
obstacle as in front of it. 

The apparent anomaly arises from the diffei-ence in the 
ratio of the wave-length to the dimensions of the obstacle in 
the two cases. It can be shewn that a sharp shadow is formed 
only when the obstacle is large compared with the wave-length, 
whether the waves be those of light or sound. 

The wave-length of light varies between 37000 
700 00 hi- according to its colour. Any ordinary obstacle is much 
greater than this in diameter, and therefore light in general 
casts sharp shadows. If however the obstacle is very small, 
such as a fine wire, it is found that some light gets round to 
the back, and the shadow is not sharply bounded. 

The wave-length of a man’s ordinary speaking voice is 8 to 
10 feet and that of a woman’s voice is 4 to 5 feet. Now the 
obstacle must be at least 50 wave-lengths in diameter to east a 
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shadow and even then the slmdow would be badly dehned, 
tliat we cannot expect ordinary objects such as walls or houses 
to have mucli elTect in cutting off the sound of the human \oice. 
Practically the onlv weakening effect such objects have arises 

from their compelling the sound to take a longer path from a 

point in front to a point behind them. 

Wlien the pitch of the note is high and the obstacle large, 
th-sound shadow mav be very marked The writer has met 
with a strikin^^ instance of this on Pilling Moss m ^orth 
Lancashire. In the Spring the sea-gulls resort in large nurnbers 
to the Moss to lav their eggs, and when the young birds are 
able t.) Hv. the air is filled with their shrill screams. Ihere is 
a road ala little distance from the nests, and by the side of 
the road there is sometimes a row of stacks of peat. The 
length of one of these stacks is many times as great as the 
wave-length of the screams of the birds, and consequently a 
miod sound shadow is formed. As one walks along the road 
The alternations of sound and silence are very marked. 
Opposite tlie gap between two stacks the sound is unpleasantly 
loud ; opposite the stack itself there is almost complete silence, 
and the change from sound to silence is quite sudden. 

\ similar effect can be obtained in the laboratory, though 
it is less marked. If a card two feet square is held between tlie 
ear and the high pitched whistle described earlier m this 
chapter, the sound is perceptibly weakened. If a medium 
pitched tuning-fork is used instead of the whistle, the inter¬ 
position of the card has little or no effect in weakening the 

.sound. 


It should be mentioned here in anticipation of what will be 
said in the chapter on Quality that sounds are generally com¬ 
posite, consisting of tones of various pitches, and the quality ot 
a sound depends on the number, pitch, and intensity of the 
tones Hint are present. Some of these additional tones may be 
of high pitch, so that a given obstacle may be able to cast a 
sound shadow for the higher constituents, whilst having little 
effect on the lower constituents. Consequently at the back of 
the obstacle such a sound will be found to have a different 
quality, from the weakening of the higher constituents relatively 

to the lower ones. 
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128. Doppler’s Principle. Wlien a source of sound is 
moving to or from a stationary listener, the pitch of the note 
lieard by the listener is not tlie same as when the source is 
stationary. Similarly a listener moving to or from a .stationary 
source of sound hears a note of different pitch from that whicli 
lie would hear if lie were not moving. 


This may often be observed at a railway station. If a 

passing train whistles as it goes through the station, the pitch 
of the note given bv the whistle falls ju.st as the train passes 
a listener on the platform. When the train is approaching, the 
pitch is higher than it would be if both train and listener were 
at rest, and wlien tlie train is receding, the pitch is lower. If 
the train is travelling at 40 miles per hour, the fall of pitch is 
nearly a tone. 

The effect can be,shewn in the laboratory by holding in the 
hand a vibrating tuning fork mounted on a resonance box. and 
swiivdiu^ it rapidly in a circle. The person who is swinging the 
fori-wiU hear no cliange of pitch, because the fork is always at 
approximately the same distance from his ear, but any other 
person who places himself in the plane m which the fork 
swings! will hear that the note is higher when the fork is 
moving towards him than it is wlien it is moving from him. 

We mav sav in general terras tliat wlien the source and the 
listener are ‘approaching each other the pitch of the note is 
raised ; when they are getting farther apart the pitch is 

lowered. 

It is not, however, a matter of indifference whether it is the 
source or the listener that moves. If the whistle and the 
observer are approaching each otlier with a given velocity, 
the observer will hear a note of rather higher pitch if he is at 
rest and the whistle is moving towards him than he would 
hear if the whistle were at rest and he wei-e moving towards it. 

The explanation of these phenomena given m §§ 129 — 132 
is known as Doppler's Principle. 

129 Source in motion and Listener at rest. Lot us 

suppose first that the listener L (Fig. 53) is at rest, and the 

source S is moving towards him. 


Doppler’s principle 


li)0 


The source is producing waves at ji definite rate n per 
second, n beinir tlie frequency of the note that N' ould be heard 
if source and listener were at rest. These \\a\es tra\el 
towards L with a velocity y, and the source follows them with 
a velocity \\ At the end of the one second ^9 will have reached 
y wheiv .9^”= I', and the wave sent out at the beginning of 


S' 


O 


Fig. 53 

tiic second will be at O, where SO = v. Now the source has 
given out n waves during the second, and these 7i waves must 
all be between S’ and O, and therefore the length of each wave 

is or ^ . If the source had been at rest, the n waves 

n n 

would have been distributed over SO, and the wave-length 

would luivc been ^ , so that the effect of the motion of the 

n 

.source is to shorten the wave-length in the ratio y—T tor. 
Now the waves travel with the same velocity whatever their 
length may be. and so the listener receives in one second as 

many waves as there are in a length v, that is ^ ^y n. If then 

we \Mite n' for the frequency of the note heard, we have 

n= ^ y^i- It should be noted that the waves are actually 

shorter than they would be if the source were at rest. 

130- Listener in motion and Source at rest- Next let us 
suppose that the source is at rest, but the li§tener is moving 
towards it with velocity V. 


L' 


Fig. 54 

I^t the source be at rest at S, and at the moment we are 
considering let the listener be at L. The space between S and 

L is filled with waves of length These waves travel 

with velocity f, and therefore the particular wave that is now 
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at L will one second later be at 0, where LO — v. All the waves 
between L and 0 have passetl throuuli L during the second, 
but meanwhile tlie listener has moved a distance T to L', and 
so has received’not only the waves now between 0 and L, but 
also those now between Z/ and L' ; that is he has received in 
one second all the waves that at the end of the second arc 
included in a length r + r. The wave-length is not affected 
by the motion of the listener, and therefore there arc n waves 

in LO and ^ w in L’O. Consequently if n” is the frequency 


of the note heard by the listener, = «. 


T' 


It will be seen that this is not the same formula as was 
obtained for the case where the source is in motion, and the 
method of deducing the formulae shews that we ought not to 
expect them to be the same, for in the one case tlie change ot 
pitch is due to a real change of the A\ave-length, and in the 
other case it is due to a change in the rate at which the waves 
pass the observer, though there is no change of wave lengtli. 

131. Source and Listener in motion. The tw o formulae 
can be combined so as to give an expression for the pitch of the 
note heard wdien both source and listener are moving. Let Kj 
be the velocity of the source and V 2 the velocity of tlie listener 
both being reckoned positive when the velocity is from left to 
right. 

Then if the listener is at rest we have as before 


n'~ ,,»n. 

v— F 1 

If now' the listener be moving we have 


t4 


n — 


v~V 

V 


2.V,' 

n , 


F, having its sign changed, because w’e treated Fj as positive 
in the investigation above, when the listener was moving 

towards the left. , ^ 

Substituting in the second of these equations the value ot 

w' given by the first w'e find 
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I, fellows from this that if r.= then «' = ». B 

no chan‘'e of pitch if the source and listener mo\e ^Mth equal 
velocities in the same <lireetion, and so remain the same distan^^^^ 
..part When a person hears the whistle of the engine of the 

train in which l/is sitting, the pitch oi the note is the same 

whetlier the train is moving or not. 

132. Effect of Wind on the pitch of Sound. The formula 

( 1 ) assumes that the air is still. It a wuul is blowing » th 
veloeitv If in the direction in which the sound travels, we must 
ulite in place of r in the formula, and so obtain 


0 

n = 


v-\-w— T’l 


-n 


( 2 ). 


V •\'W— I'l 

If then r,= W or the source and the observer remain the 
same distance apart the wind has no effect on the pitch of the 
note that is heard. If the wind blows from the observer to the 
source, it is true that the waves will be shortened, just as 
tliou.di there were no wind, and the source were moyng 
towards the observer, but the effect of the wind is to reduce 
the velocity of sound relatively to the ground and the observer, 
and this reduction in velocity exactly compensates the effect ot 
the reduction in wave-length on the pitch. It is ^ain without 
going into details that wind cannot have any effect in this 
case, for there is no difference in principle between the case 

where the source and listener are at rest and the wind blows 

witli velocity V, and the case where the source and listener are 
moving in the same direction with velocity V, and the air is at 

rest. 

If the source and the observer are moving w ith different 
velocities, the pitch of the note heard is not independent ot 

the velocity' of the wind, as is easily seen by formula (-), tor 

J 2 jg ^ equal to unless Vz— f i* 

U + M —^ v-\-w—Vi 

133. Doppler's Principle Applied to Light. A similar 
phenomenon is observed in the case of light. If a source of light 
is moving rapidly towards the observer, the w'ave length of the 
liglit is shortened, and vice versa. The spectrum of a star 
penerully contains bright or dark lines. If the star is approaching 
the earth, all the lines are displaced a little in the direction 



Doppler's principle 


103 


correspondins to shorter wave-lengths, that is towards the blue 
end of the sp'ectrum. If the star is rece.ling, the lines are dis¬ 
placed towards the red enrl. 

Bv measuring the amount of displacement the velocity of 
approach or recession can be determined. This method of finding 
the motion of stars in the line of sight is largely used in astro¬ 
nomical investigations, and has proved of great value. 




CHAPTER VII 

IXTEIIFEREXCE, REAT8, COMBIXATION TOXES 

134. Meaning of the term Interference. In the present 
cliui>ter we shall discuss some phenomena that result from the 
superpo.sition of uave trains on each other. When the result of 
tl»e superposition is to give a distrihution of energy very 
different from that due to the separate trains, the phenomena 
are generally ehissed under tlie name Interference. 

Before passing to experimental methods it will be useful 
to find from theoret’cal considerations what is the result when 
two hiirmonic trains of plane waves of the same wave-length 
are superposed. We shall take the three cases where (1) the 
Maves travel in the same direction in the same straight line, 
(2) they travel in opposite directions in the same straight line, 
and (3) they travel in two directions meeting at any angle. We 
may call the.se Coincident Trains, Opposite Trains and Oblique 
Trains respectively, 

135. Superposition of Coincident Trains of Waves- 

In the ease of Coincident Trains we have the same difference 
of ])hase at every point of the trains and at every moment. 
Wliatevcr may be the distance between two arljoining crests 
— one taken from each train—that distance is the same 
everywheic. If we eompouiul t^^o sucli trains 'n the usual ^ay 
we get merely a third harmonic train of the same wave.length 
as the constituents, and of an amplitude which depends on the 
difforence of pliase of tlie constituents. The student should 6nd 
no dilhculty in proving this graphicall}'. 

*136. Equation of the Resultant Train- We can prove 
analvticallv that two harmonic trains of the same wave- 

V « 

length and in the same straight line must always give a third 
harmonic train. 

We sa^^• that we can represent one of the trains by the 
equation 

. 27r 

y~a sm ^ - (t’/—i), 

A 
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where y is the displacement at time 1 and at a distance x from 
the origin, A is the wave-length, v the velocity of the waves, 
and a the amplitufle. 

The second constituent differs from this only in amplitude 
and phase, and so can be written 

*2tt 

y' = £< sin - (rt—.r-frt). 

• A 

These ulren compounded give the wave 

J’ —'/ + '/'=« sin” {vi~x)-\-b sin “ - (r/—jr-fa) 

A A 

wljich can be written in tlie form 


if 

and 

or 

and 


2'<t 

i =csm— (I’Z— 

A 

c cos fS=a-]-b cos a 

c sin /? = 6 sin a 

^ _ b sin a 

tan B = - , 

a-\-b cos a 

c^=-n~-\-b'^-\-'2ub cos a 


137. Distribution of energy in the Resultant Train- Two 

special relations of phase should be mentioned. If the consti- 
tuents are in the same phase at any point, they are so every- 
where. If they have the .same amplitude they compound into 
a wave train with double tlie amplitude and four times the 
energy of either. If tlicy arc in opposite pliase and liave the 
same amplitude the^'^ neutralize each other everywhere, and 
there is no displacement, velocity or condensation anywhere. 

It is evident from the doctrine of the Conservation of 
Energj'^ that this cannot be a complete statement of any case 
that could actually arise, for we cannot either quadruple or 
annihilate a stream of energy by adding an equal stream to it. 
We sliall return to tliis point presently'. 

It is to be remembered that we are tlealing only with plane 
waves, W'hich do not spread out laterally. Jf they spread out 
laterally they will diminish in amplitude as they get farther 
from their source, and this will modify some of our conclusions. 
If two spherical sets of harmonic weaves of the same w’ave-length 
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spread out from the same centre, they will compound into a 
third spherical set. whose intensity will fall oft inversely as 
the scjuaro of the distance from the source. 

138. Superposition of Opposite Trains of Waves- We 
<lealt with the superposition of two opposite trains of air waves 
in (‘ha])ter I\’, and .saw that they comix)und into a set of 
stationarv waves. At a node there is maximum change of 
pTcssnre but no nioti<»n, whilst at an antinode there is maximum 
motion but no cliange of pressure. 

139. Effect of Stationary Vibrations on the Ear. We 
ha\ e not yet enquircfl how such stationar^S- waves affect the ear. 
If t he car is moved along a train of stationary waves, will it 
hear sound everywhere ? If it does not hear the .sound equally 
loud everywhere, will the maximum be at a node or at an 
antinode ? The experiment could not be made in this crude 
way. as the head is so large as to interfere with the formation 
of the waves, but the exploration can be made with a rubber 
tube, one end of which is placed in the ear and the other moved 
along the stationary waves. It is found that the loudest sound is 
lieard when the end of tube is at a node, and nothing is heard 
wlien it is at an antinode. The tube merely forms a prolongation 
of the natural passage leading to the drum of the ear, and when 
its open end is at a node, the compressions and rarefactions at 
that p<(int cause waves to run down the tube to the ear. M’hen 
the open cnrl is at an antinode, the air merely flow's to and fro 
across it, and no sound is heard. Thus when we use the ear 
a.s a detector, w’e may say that there is maximum sound at a 
node, and no sound at an antinode. It is the variations of 
pressure that cause the drum of the ear to vibrate, and not 
motion of the air without changes of pressure. 

140. Superposition of Oblique Trains of Waves. Let us 
next consider the superposition of two oblique trains travelling 
in the directions AO and BO (Fig. 55), and crossing at 0 ; the 
trains having as before the same Jb 
wav c-length. 

Since the two trains have the 
same frequency, their difference of 
phase will always be the same at 
O, but the trains cannot neutralize 
each other in all respects, whatever 
that difference of phase may be. 




Fig, 55 
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Let us suppose that they are in opposite phase. We mean 
by this that, when the particle at O would be moving throiiLdi 
its equilibrium position in the direction AA' in winch the wave 
travels if the train AA' only were passing, it would be moving 
tlirough its equilibrium position in the direction Ji'B if tlie 
train BB' only were passing. These two velocities cannot 
neutralize each other, for they are not in the same direction, 
and the same is true of the displacements at any moment. It 
is clear that the particle at O must describe one of the forms 
of Li.ssajous’ Figures for the vibration ratio 1:1. If the 
phases of the constituents are the same, and the amj)litudes 
are the same, the particle will \ ibrate in a straight line bisect¬ 
ing the angle AOB. If the phases are opposite, it will vibrate 
in a straight line bisecting and with any other relation 

between the phases it will describe an ellipse with O as centre. 
In Chapter II we dealt only with the figures formed when the 
directions of vibration are at right angles, but the results would 
be similar if the directions of vibration made any other angle 
with each other. Each of the figures would be sheared so as 
to bring the sides of the enclosing rectangle to the proper angle 
with each other. 

We see then that there will always be velocity ami 
displacement at 0, whatever is the difference of phase between 
the trains, because velocity and displacement liave direction as 
w'ell as magnitude. Compression however has no direction, 
but only magnitude, and it is possible for a compression due to 
the train AO to neutralize a rarefaction due to the train BO at 
the point 0. Suppose that the two trains have equal amplitudes 
and opposite phases. At a certain moment O would be moving 
through its equilibrium position in the direction AO under the 
influence of the train AA', and in the direction OB under the 

influence of the train BB'. It would therefore be in the centre 
of a region of condensation of the train AA' and in the centre 
of a region of rarefaction of the train The result would 

be no condensation, and this would be the case not only at the 
moment we have considered, but also at every other moment. 
There would never be any condensation or variation of pressure, 
and as regards the effect on the ear 0 would be a point of 
silence. If the amplitudes were not equal, there would bo 
minimum sound, though not complete silence, when the phases 
were opposite. 
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141. Superposition of two sets of Spherical Waves. Let 

us now take a more general ease and suppose we have twt» 
sources of sound of the same frefjuency and a few wave-lengths 
apart. For the sake of simplicity let us suppose they are in 
the same pliase. In the space round these sources we shall find 
re<r'ons in eirenmstanees corresponding to the three cases we 
liave discnsserl. 


Let O. O’ (Fig. 56) l»e the two sources. Each source sepa¬ 
rately would serul out waves witli spherical wave-fronts. Round 
the source? O diaw a series of circles in full lines with radii 
ijiereasing hy A at each step. In the figure the circles arc drawn 


with radii ^ . etc. These will shew the positions at 

-some moment of the surfaces of ma.xirnum compression due to 

tlic wave.s spreading out from 0. Now draw a series of dotted 

circles half wav between those of the first set. These will shew 

% 

the positions of the surfaces of maximum rarefaction at the 
same moment. Draw a similar set of full and dotted circles 
round O'. 


Since every point on a full circle is a point of maximum 
compression for the source round which the circle is drawn, a 
point where two such circles cross will be a point of maximum 
compression, when the two sources send out their waves to¬ 
gether. The actual compression will be the sum of those due 
to tlie two sources separately. At such a point two rays of 
sound, one from each source, cross each other in the same 
j)hase, and it is easily seen that the difference of the distances 
of the point from the two sources must be some whole number 
of wave-lengths. 

A point where a full and a dotted circle cross is a point 
where a compression from one source coincides with a rare¬ 
faction from the other, and is therefore a point where the two 
trains neutralize each other to some extent. The difference 
between the distances of such a point from the two sources 
is an odfl multiple of half a wave-length. The variation of 
I)ressure is not in general completely annihilated, for even if 
the sources have the same amplitude,the distance of the point 
from the two sources is not generally the same, and therefore 
the amplitude of the trains is not the same at that point. 
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If a curve is drawn tlaough the paints where the difference 
of the distances from the sources is some deKnite odd miiltii)le 



Fig. 56 


of lialf a wave-lengtli, we get a curve such as the dotted hyper¬ 
bolic curve in the figure which is drawn for a difference 5A. 
This is a locus of points where the compression is a minimum 
at the moment we are considering. Other similar curves can be 


drawn for differences 


A 

2 ’ 



7A__ 

9 ’ 


etc. Moreover these curves 


are lines of minimum change of pressure at ev^ry moment ; for 
they are the loci of points where tlie two separate trains are 
always in opposite phase. 

Along the line O'E we have two trains travelling in the 

same direction, and therefore compounding^ into a single pro¬ 
gressive harmonic train. If the distance between the sources 
is an exact number of wave-lengths, the two trains will be in 
the same phase, and so will give a train with an amplitude at 
every point equal to the sum of the amplitudes of the consti¬ 
tuents. If the distance between the sources is an odd multiple 






no 
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of lialf a wave-leniitli. the two trains will be in opposite phase, 
ajid the anii)litu<le at eaeli point will be the difference of those 
(iu<' to the two constituents. 

As tlie constituent trains diminish in amplitude with 
iiureasiiiit distance from the source, the resultant train must 
<losoalso. and the intensity of the sound will therefore fall 
oH as we pass outwards aloiiL^ the hyperbolic curve or along 
07 :. 

Between 0 and O' we have two trains of waves travelling 
in opposite directions, ainl therefore compounding into a series 
oi stationarv waves. 

142. Distribution of energy round two Sources. We see 

then that the iistribiition of energy round two sources is very 
dirterent from that round only one. From one source the 
energy spreads out uniformly in every direction. From two 
sourees it is concentrated along certain lines. The full h^TJer- 
holie curve of Fig. 50 is a line of maximum flow of energy, the 
dotted curve is a line of minimum flow. 

In spite of this reilistribution of the energy the total 
aiiKnint flowing outwar^^ls is the sum of the outputs of the two 
.sources. The interference neither annihilates nor creates energy 
on the whole. 

143. Exceptional cases where the Sources influence each 
other. Tlie statement above generally applies when we have 
inter ference, but there arc exceptional cases where the addition 
of a second source tlinunislies tiie total energ}’. In this case 
the proximity of the two sources causes both to give out less 
energy than they would if far apart. We have an instance of 
this when two similar organ pipes are mounted close together 
on the same wind chest. If the two are blown together, the 
sound produced is everywhere much less than would be pro* 
din ed by one pipe alone. The pipes at once fall into opposite 
jrhases, and very little energy is given out by cither. The 
explanation of this action is bej’ond the limits of this book. 

It is possible to have the converse case. If two sources of 
sound equal in period and amplitude are placed very close 
together, and compelled to vibrate in the same phase, the 
amplitude will be double and the energy four times that due to 
one of the sources. In this case the. presence of each source 
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compels the other to do double the work it would do if it were 
alone. 

144. Interference by use of a Branched Tube. A con¬ 
venient form of apparatus for shewing interference is illustrated 
in Fig. 57. AC is a tube open at A and C and divided into 
two branches B and D, one of the branches D having a tele¬ 
scopic slide by which its length can be varied. 

A tuning-fork is placed before the opening A, and a 
rubber tube connected with C carries the sound to the ear. 
If the slide is adjusted so as to make the two branches of the 
same length, the two trains of waves that Jiave come by way 
of B and D respectively will arrive at E in the same phase. 
Thev will therefore add their effects and the sound will pass 
on to the ear as it would have done if the tube had not been 
divided. 

Now draw out the slide u:raduallv, makinc' the branch 
D longer than B. The waves 
arriving at E b^' way of D 
will fall more and more 
behind those coming by B, 
and when the difference in 
path between the two 
bi-anches is half a wave¬ 
length, the two trains will 
neutralize each other at E, 
and no sound will be heard 
at C. If part of the branch 
B consists of a piece of 
Indiarubber tube, it will be 
found that pinching the 
tube so as to stop the stream 
coming bv B restores the sound, thus proving that the silence 
is due to the superposition of the two trains of waves at E. 

It may be asked what has become of the energy in this 
case. The answer is that it has been reflected at E and has 
returned to the open end A. As the two trains are in opposite 
phase at E, there is no variation of pressure there. It is because 
We have approximately this condition at the open end of a 
pipe that most of the sound is reflected back from an open end 
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with rcv(.*r?^cil of pliase. K tfit'ii bchuves as an open end and 
the sound is refieetcd back to .-1. 

145. Interference near a Tuning-fork- 
he illustrated in a simple manner by the use of a tuning-fork. 
thouLdi the complete explanation of the phenomenon is Jess 
simple than in the case of the divided tube. 

Hold a vibrating fork near the ear. and twist it round by 
turning the shank between the finger and thumb. The sound 
will he heard to rise and fall in intensity four times in each 
revolution. 


Let A and B (Fig. 5S) represent the free ends of the prongs 
of the fork. The prongs 
move inwards and outwards 


iV 


tcjgether. When they are 
moving outwards compres¬ 
sions arc produccil on the 
faces .4 and B. and these 
compressions travel out¬ 
wards with maximum am¬ 
plitude in the directions B 
and 11’, and with minimum 
amplitude in the directions 
y and 8. At tlie same 
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Fig. r.s. 

moment a rarefaction is produced between the prongs at C, and 
this rarefaction travels outwards with maximum amplitude in 
the directions N and *S and minimum amplitude in the direc¬ 
tions E and W. There will then be four directions sucli as NE 
wliere the compression and rarefaction have the same ampli¬ 
tude, and so neutralize each other. 


It follows that if the ear moves round the fork, or, what 
comes to the same thing, the fork is turned before the ear, the 
.sound will be heard plainly in the directions iV, E, S, W, but 
will be inaudible in the direction NE and the three correspon- 
ing directions. 

146. Seebeck’s Interference Tube. Seebeck’s Tube gives 
a good illustration of interference, and also provides the 
means of measuring the velocity of sound in air with fair 
accuracy. 
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It consists of a glass or metal tube with a sliort side tube 
*4 near one end, an 1 a sliding piston B by whicli the length 
of the main tube can be varied. 


A tuning*fork is placed before the open end C, and a 


rubber tube leads from -4 to 
the ear. The waves from the 
fork reacli .4 by two paths. 
Part go from C to D, and 
then pass out by A. The 
rest go from C to B, are re¬ 
flected tliere, return to D, and 
pa.ss out by A. Tluis one 
path is longer than tlie other 
i)y twice DB. 



Fig. 59 


Alove B back and forwards until a position is found for 
which the sound lieard at A is a minimum. The two trains of 
waves are then in opposite phase at D, and twice ZlZl must be 
some odd multiple of half a wave-length. It is easy to secure 
that twice is one half wavedcngth by beginning^with the 
pi.ston near D, and drawing It backwards until the first mini- 
mum is reached. Iftlie tube is long enough to give several 
minimaof.sound.it is clear that the corresponding positions 
of the piston will be half a wave-length ajiart. 

If B is in the position for the first minimum we have 

DB^W, 

and if n, the vibration number of the fork, is known, we have 

r =« > =4nZ)7?. 


This method of measuring the velocity* of sound in air lias 
the advantage that only a small volume of air is used, so that 
its temperature and degree of humidity can be determined. 

The apparatus can be used for finding the velocity of 
sound in other gases than air by making the handle by which 
the piston is moved in the form of a narrow tube, and causing 
a slow stream of the gas to flow through it into the mam tube. 
If a gas heavier than air is used, such as carbon dioxide, the 
tube should be placed with the open end C upwards ; if hydro¬ 
gen or coal ga^ is used, the end C should be downwards. 
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A doubt might arise as to whether the measurement of 
i)i5 siiould he made from tlie nearer edge of *4, tlie farther 
ediio. or the centre. The correct place to measure from is the 
centre of the side tube. When the sound is at its minimum at 
A, wliat really happens is that the direct and refleclcd waves 
form stationar\’ vibrations in CIJ, and .1 is at the centre of a 
vibratini/ segment, wliere there is motion l>nt no change of 
prcs«;im‘, Xow it is only (.rac/hf at the centre of the segment 
that theie is no change ot pressure, and tlie tube -I must take 
in a little <tn eacli side of the centre. If at any moment, how- 
c\er. there is compression on one .side of the centre there is 
rarefaction on the other side, and so if tlie centre of the .segment 
is opposite the centre of tlie side tnhe. the small regions on 
eacli side of the centre of tlie segment, M liieh are also opposite 
the end of the tube .-I. will neutralize each other. 


147- Zonss of Silence round a Fog Siren. It ha.s been 

noticed that when a fog-siren is placed on a liigh cliff, a ship 

mav iiinl itself in a ‘zone of silence.’’ where tlic siren is inandi- 
% 

hie ; though if liie ship movi's toMard.s oi' aviay from the shore 



been explained by Tyndall as being due to interference. 

Let A be tlie fog-siren, and 7? the observer on the deck of 
a ship. The sound can reach'him by the direct line .45 and 
also by tlie patli ACB where it is reflected from the surface of 
the sea. If these paths differ by a half wave-length, or any 
odd multiple of a half wave-length, the two trains of waves 
will interfere at .S,^and the fog-siren will not be heard. If the 
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ship moves either inwards or outwards, the difYereiice between 
tlie two patl'.s changes, and the sound is heard again. It i.s 
loudest wlien the difference of the paths is an exact number of 
wave-lengths. 


148. Superposition of trains of waves of nearly the same 
Wave-length- We have so far considered only the interference 
of two trains of the same wave-length. There is a further case 
of great praetica! importance, wliere the wave-lengllis, and 
con.setiueiUly the frequencies, dilTer slightly. 

Suppose we have two trains of waves travelling along the 
.same line in the same direction, one of which ha.s the frequency 
100 and tile other lOl. and suppose that at .some one moment 
thev are in the .same phase at a point A. At a point Ji whose 
tlistance from . I is the distance sound travels in one .second, 
thev will also lx* in the i^ame jihase. for the lengtii AJi contains 
exactly 100 waves of the one train and lOl of tlie other. The 
wuve.s with frequency 101 are a little shoider than tliose with 
freiiuencv lOt) and .so, as wc pass along the train fiom .1 to¬ 
wards B, the longer waves will gradually drop behind the 
shorter waves in plia.se. 


If we call tlie wave-length of tlie shorter waves A, then 
that of the longer waves will be A-f-A lOfh Hence after passing 
over a di.stance A, the train of hmger waves will be A 100 
beliind ill jihase*, after 2A it w ill be A,'50, after 3A it will be 
3A 100, and so on. .After passing over 5 ;jA. that is half way 
from a' to 7^. tlie dilfercnce in phase will be A, 2, or the two 
trains will more or less neutralize each other, according to 
their relative amplitudes. After passing the middle point C 
the longer waves will drop still further behind, until at B they 
will be a w hole wave behind, and so have come into the same 
phase again. Wc see then that at A the two trains will give 
a resultant wave with double the amplitude of either, if the 
two components have equal amplitudes, and the amplitude of 
the resultant "ill gradually fall off, as we move towards C. 
At C it will become zero and then will rise again, until at B it 
is the same as at A. As waves of all lengths travel with the 
same velocity, these maxima and minima will travel with the 

•The word Phase is not here used with its strictly correct meaning 
This will not however cause any confusion. 
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velocitv of sound, and an ear placcrl in the path of the tram 

will hear the sound rise and tali in intensity once a second. 

We have supposc-d the two IVecpieneies to differ by unity, 

but we can easily extend the proof, so as to ineinde the ease of 
two trains of waves who.se trequeneies have any difference. Let 
OIK' train have freiiiieucy n and the other fii.stance 

travelled bv sound in one second there will be « waves of one 
train and of the other. The shorter waves gam on the 

lon-rer bv a wave.s. Every time one wavedength is gamed, the 
trains eomc inti' the same phase, and there is maximum sound. 
Hence in n.issinii from one end of the length r to the other, we 
ims^ over n mjixiina. with iniiiimu lialf way between them, it 
follows tliat as sound travels a distance in one second, there 
will be a rise and fall in intensity n timc.s per second. 



Fig. 61 .shews the change of amplitude of the resultant 
wave train, when the components have frequencies in the ratio 
of 8 to ff. 

149. Beats. If the difference of frequency of the two 
notes is great, the alternations in intensity follow each other so 
rapidlv that they cannot be distinguished, and we hear merely 
the two separate components sounding siraultancously. If the 
difference of frequency is small, or in other words the two notes 
differ little in pitch, we can no longer distinguish them sepa¬ 
rately. We hear merely a single note which rises and falls in 
intensity. These alternations in intensity arising from two 
notes of nearly the same pitch are called Bents, and play an 
important part in manj' acoustical determinations. By count¬ 
ing the beats in a given time we can 6nd the number per 
second, and tlius find the difference between the frequencies of 
tlie two notes. 

The difference n need not be an integer. The general 
statement that the number of beats per second is the difference 
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of the iVcqneiu-ios of the two notes holds for all values of 7i, 
whether integral or traetional. 

150. Pitch of the note heara when two notes beat It 

was sai.l above tliat, when llie notes 

pitch, tl.e ear I,ears only a single note w.th y.aiaat.on, n Ion - 

ness The finest ion arises ir/mt note iloes it luai . 

hiehf-r of the (wo components, or the lower, or something 

dilferent from either ? 

The point is of no praetleal importarn’C, and it is sufficient 
to sav tiiat the resultant eurvo is not liarmomc. In so lar as 
it ean be said to have a wave-length, that wa%e-longth 
■renerallv different at .Ufferent points, and thereiore tlie piteli 
fluetuales a little. At the maximum it is always inteimediate 
between tlio pitches of the components. At the minimum the 
niteli depends on tlie relative intensities of tiie components. 
If tlievSiavc nearlv the .same intensity, the pitch 
mediate, as at the maximum. If the lower »ote i.s mudi he 
strom^er the resultant has a lower pitch than either. It the 
ingluw note is much the stronger, tlie resultant has a higher 

pitch than eitlier. 

151. Illustrations of Beats. Beats are of very common 
oc uricnce ami can be pru(luce!l m many ways. Take t«o 
rnninn forks of the same pitch and flatten one ol them by 
sS*"; Iff tie wax on the end of each of the prongs^ If they 
arc now sounded together beats will bo heard. Count the 
number of beats heard in as long a period as the forks contiime 
irsound-sav half a minute-divide by 30, and the quotient .s 
the .lifi'erenee between the vdmation numbers of the two folks. 

Two organ pipes of the same pitcl. w ill beat strongly if the 
pitchofotmislowercfla little by partly eovermg its mouth 

with the hand. 

4 pianoforte has generally three strings to each nrte, and 
the strings of anv one note should be pxactly m unibon. It * 
lilber of notes'be soundeil in turn, it will generally be found 
that ‘^oine of tlicm give beats, shewing that the strinp aie not 
Ixac-tlv^ 1 tune The usual method of tuning a pianoforte i.s to 
neroim ol the ih.ee strings to the right pitch relatively to lie 
oUier notes of tlie instrument, and then to bring the two other 
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strinu-s into unison with it by tightening them or loosening 
tlieni until no beats are hearfl. 

152. Limitation of the Method of Superpositmn of 

Waves. In all tliat has been said liitherto about interference 
and beats it lias been assumed that we can get the resultant 
displacement at anv point by adding the displacements that 
would ari.so from each of tiie two componont trains separately. 
'I’liis is true only when tlic displacement is proportional to the 
force that causes it. We saw in f’liapter II that the diminu¬ 
tion in volume of air is not proportional to the increase ot 
pressure, but It ihe variations of pressure are very small, as is 
'_'(*nei'all\' the (-ase. the fleviation from proportionalit\ is so 
small as to hi* negligible, ainl the eonclnsions 'vc ha\e reached 
inav he regarded as being a correct statement of wliat takes 
place, if the sound is not very loud. 


It might he anticipated however that, when the sound i.s 
loud, tlie defect of proportionality may be great enough to 
inti'orlucc nen features, and this is found to be tlie case. 


153. Combination Tones. I^Iatliematical analysis shews 
tliat w lien two notes of fi'ctjuencies p and 7 are sounded strong¬ 
ly together, a series of otlicr tones called Combination Tones 
exi.st in adflition to the two components. 

The strongest of tliese tones is called the First Difference 
Tone, and has a frequency p— 7 . This tone may produce witli 
the sceoiel primary a second d-frercnce tone, liav.ng the 
frequency p~'lq. This agiin may produce a third difTerenco 
tone of frequency and so on. Also two riitferenee tones 

sueli as p —2/and p —4/can theoretically produce a tone 27 . 
We liave also a First Summation Tone of frequency p-\-q, and 
otlier Summation Tones formed from this ami each of tlie 
])rimaries, or from this and any of the DitTcrence Tones. Thus 
an infinite number of Combination Tones are theoretically 
jiossible, and many of them can be derived in more than one 
way from the primaries and the other Combination Tones. 

Tlie First Difference Tone is generally the only one of the 
series that is easily audible. It is much weaker than the pri¬ 
maries, and therefore the Second Difference Tones, being formed 
from a strong tone and a weak one, are still weaker. The First 
Summ ition Tone is very weak. It can be heard faintly when two 
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notes are sounflcd together very strongly on a liarraonium, but 
tliere are observers who say they have never succeeded in hearing 
it, and who deny its existence. The First Difference Toneis easily 
heard on the harmonium. Sound together the note c® near the 
top of the treble clef and the note above it. The note cMvill 
be heard as a Difference Tone. The tone will be heard more 
easily, if cMs sounded fora moment by pressing down its key, 
so as to prepare the ear for the note it is to liear. Difference 
Tones are jiroduced in a peculiarly unpleasant form, when two 
tin whistles are blown loudly at the same time. 


154. Theories of the origin of Combination Tones. Much 
discussion has taken place as to the origin of Combination 
Tones. The First Difference Tone has the same frequency as the 
beats of the two primaries, and some phy.sicists have maintained 
that it is a subjective effect due to the beats. If this were the 
case we shoukl be compellefl to abaiiflon Ohm s Dau, foi tlie 
superposition of two vibrations of different frequencies docs 
not introduce a vibration whose frequency is the diffe¬ 
rence of the frequencies of the primaries, as we shall sec 
more clearly when we discuss Fourier’s Theorem. According to 
Ohm’s Law a note is heard only when there is present in the air 
a harmonic vibration of the appropriate frequency, and a meie 
rise and fall of intensity is not such a vibration. 


Other physicists have maintained that the combination 
tones are formed in the ear or in the brain, and have no exis¬ 
tence in the air. Rucker and Edser, however, have shewn that 
when tu o notes are produced simultaneously by a siren, their 
combination tones-both differential and summational-can 
excite resonant vibrations in a tuning-fork ; whence we conclude 
that in some cases at least, the tones have an objective exis¬ 


tence. 

The subject is too complex to discuss Iiere at length. It 
must suffice to say that at present Helmholtz’s Theory that 
combinatio.i tones are due to the fadure of the Principle of 
Superposition is generally accepted as being correct in the mam, 
though there are probably cases where Combination Tones arise 
from a want of a symmetry in the mechanism of the ear. 

155. Method of finding the pitch of Combination Tones. 

The difference tone arising from two notes forming any of the 
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ordiiiiirv intervals used in niusie can be readily found from the 
table ohiarmonics in Fi-:. 31. Suppose, for instaiice, ue "ant to 
find tlietir.st ditferential of two notes a major third apart. The 
ei'dith and tenth terms form the required interval. Their Ire- 
(jneneie-s are in the ratio S to 10. Jf their actual frequencies 
were 8 and I0, tlie fre(|uencv of the difi'erence tone would be 2. 
Tlie fact that the fre(|ueneies are in reality about fi") times as 
jiieal niak(‘S no ditTerenee. since interval.s are measured by the 
ratios of fre(jUcncies Hence the ditferenee tone is number 2 of 
the sei ies. tliat is. it is two octaves below tlie lower of the two 
notes which form tl>c major third. Thi.s relation holds whatever 
is tlie actual f>itch of the notes. So lon^ as the primaries make 
an interval of a major third, the first difference tone is two 
octaves below the h)wer. M'e should have got the same result 
if we had taken numbers 4 and 5 to form the major third. The 
• liffereiicc of their frequencies shews that number 1, the lowest 
member of the .series, is their first din'erence tone, wliien's again 
two octaves belou' the lower primary. 

To take another example let us find the first difi'erence 
toneofe'b and which area fifth apart. There is no neetl 
to transpose the series of tones. The second and third members 
are a fifth apart. Their Difference Tone is number 1. which is 
an octave below the lower primary. Hence the first difi'erence 
tone of c’b and /db is also an octave below the lower of the two 
notes, or is cb. 


Tiic same method can be applied to find Summation Tones. 
The first Summation Tone of Ko. 4 and No. 5, which are a 
major third apart, is No. 9, which is a ninth above the lower 
primary. 

It is a useful exercise to sound c® on the harmonium with 
each of the notes in the octave below it. As the lower note 
ri.ses from c* through dr, e- etc. the difference tone is heard 
falling from c- through i'b, etc., and the tones heard can be 
compared with those obtained by the method of calculation 
just given. 

It should be mentioned that the notes of a harmonium as 
ordinarily turned arc not quite in accordance with the ratios 
given by the harmonic series, and some of the difference tones 
will be found to be out of tune. The reason for this will appear 
when \\c speak of temperament. 
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156 Beats caused by Difference Tones. A\e shall Iia\e 
more to say about ditVereriee tones when we come to the sul)ject 
of musical concords. hut one instance of their use nia> be Hi\en 
liere \ tuninii-fork mounted on a resonance box ^iacs a note 
Idch is praetieallv a pure tone, that is. the vibrations produced 
a e Vendblv simple hannonie vilu-atioiis. Take two such to,ks an 
octave apart, and put one a little out 

nu its prom^s. Jf the forks are now sounded to-etlier heat.^ ill 

lichAid The notes of the forks dilTer too much m pitch to 

heat .lireetly. and we must look for another cause The 

r 4 i.. iv.vL-ii Ins a freciuency ItiO and tlie otlier IJH. 1 Ik 

first differenee tone will have'a frequency OS. and tliis •.mes two 

tu .d o an exact octave by .nakina use ot tl.c.se ^ ‘ ^ 

foils are a.lj«ste<l until the beats disappear, the rat.o ol the 

frccjueneies must lie exactly 2 to 1. 



CHAPTER VIII ^ 

RESONANCE AND FORCED VIBRATIONS 

157. Free and Forced Vibrations- The vibrations of 
souiulinu bodies <liscusse<l in the preceding' ciiapters arc all of 
t)ie Uital known as free vil)ration.s. They arc the vibrations \yhich 
a ho Iv exocntes if it is ni rle to vibrat? and then left to itself 
and tiieir period <Iepends onlv on tlie dimensions and elastic 
constants of the body. The period! of vibration of a body in sucli 
circumstances is called its Free Period. 

We must now consider the case where a body is maintained 
in a state of vibration by a pi*riodic force, which has not neces¬ 
sarily the same perio<l astlie free vibrations of the bod 3 ^ 

\Mien the period of the force is not tlie same as the free 
period of the body, the bodv' ultimately vibrates in time with 
the force, and its vibrations arc calle<l Forced Vibraiionfi. In the 
special case where the period of the force and the free period of 
the body are the same, we have the phenomenon known as 
Resonuncf, As the latter case is the simpler, we shall take it 
fir.'.t. 

158. Resonant Vibrations of a Pendulum. Make a simple 
I>cnf|uUim by suspending a heavy bob by a string of such a 
lengtli that the centre of the bob is inches below the point of 
suspension. This pendulum will have a period of about two 
seconds, that is. at intervals of two seconds it will be found in a 
particular phase, say at the en<l of its^swing to the right. Fix two 
light threads to the bob. Take one in each liand and, starting 
with the bob at rest, pull verv gently to the right for one second, 
then to the left for one second, tlieii to the right and so on. 
Ry this means we apply to the pendulum bob a force which may 
1)0 regarded as roughly- representing a harmonic force, and it is 
clear that the hob will soon swing with considerable amplitude. 
The first pull will draw the bob a little to the right, the second 
pull will draw it to the left, the third will draw it rather farther 
to the right than before, the fourth still farther to the left, and 
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SO on. As tlie force changes its direction every second, and 
tile pendulum changes the direction of its motion every second, 
the force will always act in the direction in which the hob 
would move if left to itself, and so the whole of the uork done 
by the force will be used in increasing the amplitude of the 
swing, except sucli small amount as is required to compensate 
the loss of energy from air-friction, etc. 

159. Forced Vibrations. If the pulls have a period that 
is not the same as the free period of the peivlulum, tiie ampli¬ 
tude will not continuallv increase. Suppose, for instance, that 
the iioriod of tlie force is a little less than that of the pendulum. 
For tlie first few .swings the force w.ll be nearly in time with 
the pendulum, and the amplitmle w '.W increase, but as the force 
gets more and more in advance of the pendulum in plmse, a 
time will come when it is half a period in advance, and then it 
M ill act to the right when the pendulum is moving to the left, 
and vice versa, so that, in.«tead of the force doing work on the 
pendulum and increasing its swing, the pendulum does work on 
whatever exerts the force, and for several swings the amplitude 

gets less. 

These rises and falls of amplitude will continue for some 
lime, but it can be shewn mathematically that the pendulum 
M ill ultimatelv settle down to a vibration thiit has the same 
period as the force. Such a vibration is called a lorcecl \ ihra- 
lion We sliall defer further consideration of forced vibrations 
to a later stage of this chapter, merely stating here that their 
amplitude is generally small, except when the period of the 
foire is nearly the same as the free period of the body. 

160. Vibrations produced by a Non-Harmonic Force. 
Suppose next that, instead of giving 
alternating pulls each lasting a 

second, we give every tMO seconds a r *• mi « 

pull of sliort duration and always in the same direction. The 
force is again periodic with a period of two seconds, but bears 
little resemblance to a simple harmonic force. A simple luirmonic 
force M-ould be represented graphically by a sine curve, where¬ 
as tlie force we have just described M'ould be represented by 
some such curve as that of Fig. 62. The result however w| 
be the same as before. If the pendulum starts from rest it will 
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fr,a<lualU- at<iuiio a lart-e an- of swin<!, for the force will always 
act at the riitlit moment to increase the swing. 

If the short pull is given every four scc'on<ls. we sliall again 
have vihrations of large amjilituile. and similarly it the interval 
between the pulls is any multiple of two seconds. 

^^'e see then that either a iiarmonie or a nondiarmoni^^ 
force can excite large vihrations in a htaly ; hut there is ^ 
diiVeience between the two cases. A harmonie force excites 
resonant vihrations in a hodv only when its period is the same 

as the free period of the body, or one of its free periods it. ae 

is generally the case, the body has more than one possible 
mode of vibration, each with its own period. The non-harmonic 
htree mai/ excite resonant vibrations when its period is not the 
same as the free jiericxl of the body. It is not coirect to sa\ 
that it uill excite such vibrations, when its period is a multiple 
of that of the body, for it is only in special cases that it will 
do so. The discrimination between the cases in which a non- 
harmonic force of period different from that of the body docs 
excite resonant viluations and those in which it does not must 
he left until Fourier’s Theorem has been explained. 


161. Instances of Resonant Vibrations- Kesonant vibra¬ 
tions are a common occurrence in everyday life. Every child 
know.s that by certain motions of his body he can increase the 
are of an ordiimrv swing, and he soon finds that lus motions 
must keep time with the swing, if they arc to be effective. If 
<)ne le;ins first to one side and then to the other of a heavy 
boat, a considerable roll can be set up. if the motions of the 
body have the same period as the natural swing of the boat. 
A suspension bridge has been known to give way through the 
large swing produced by the regular tramp of soldiers, when the 
tramp hapjiened to keep time with the natural swing of the 
bridge. The writer once experienced a similar resonant swing 
on a seaside j)lcr. A large number of people were walking along 
it to the .strain.s of a hand, thus keeping in step with each other, 
and an oscillation was pro<luced that was great enough to cause 
some persons to fall. Fortunately the alarm was so great that 
the people ru.shod about regardless of the band, and oscillation 
(puekly subsided. 
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Resonance can be sliewn by making use of the monochort . 
Tune one of the strings to a tuning-fork. Make the fork 
vibrate, and hold its stem against one of tlie bridges. Ihe 
string will quickly take up tlie vibration, as can be shewn by 
placing a paper rirler on it. 

It is not neccssarv for the fork to be in tune with the 
fundamental of the string. It will give resonance if it is m 
tune with any one of the overtones. If it is for m.stance, an 

octave above tlie fundamental, the string Will vibrate in U\o 

sections with a node between them. This is a convenient 
method of shewing the various modes of vibration of a stretched 

string. 

162. Helmholtz’s Resonators. The air in a hollow body 
ivith a narrow nock, such as a bottle, has a dehnitc period of 
vibration, a.s is shewn by blowing across 

note of recognizable pitch is beard. If a tunnig-fbik ot the 

same pitch as this note is held near the mouth ot the bottle, 

the sound swells out greatly, through the resonant vibrations 

excis'd 1>V the toik ill the uir. 


Resonators similar in principle to this are of great use in 


A 



I'ig. 63 


acoustical investigations, lliey were 
used bv Helmholtz in his work on the 
cmalitv of musical notes, and are there¬ 
fore usually called Helmholtz’s Resona¬ 
tors. 

Two of the more common forms of 
these resonators are shewn in Fig. 63. 

In each case .-1 is the open mouth and 
R is a short neck which is inserted m 
the ear, so that, if resonapt vibrations are excated 
contained air, they can be heard even though faint. The 

second form has the greater part of the body cylmdrical and 

double, so that the volume of air can be adjusted by sliding the 
outer part over the inner. 

These resonators are of such importance that we must 
consider their action in some detail. 

Ifi3 Nature of the vibrations in a Helmholtz Resonator. 

We siw'in cLpter II that the period of vibration of an elastic 
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hodv is of tlie form 


V 


wlicro M is the inertia of tlie moving parts, and F is the elastic 
force. e cannot generally separate tlie body into two parts, 

and sav that the inertia is all in one and the elasticity all in 
tlie otlier. but we can often see that the elasticity is mainly in 
one T»ait. an<l the inertia mainly in the other A bob hung by 
a ligiit sprini: is an instance. The ela.^sticity is wholly in the 
spiitiL'. and the inertia is mainly in tlie bob. There is some 
intertia in the spriiiL'. since it move.s with the bob. but if it is 
muclr likditer than the bob its inertia is unimportant. We can 
make a similar approximate sejiaration in the ease ot a 


resonator. 

We may dcscrilie the motion of the air in a resonator in 

the following wav. A stream of air runs in and out of the vessel 
by the neck" 1. ' Wlicn it runs in. it raises the pressure of the 
air inside. 'I’his ri.se of pressure cheeks t he stream of air and 
<-auses an outward stream. The momentum of the outward 
stream causes it to flow longer than is required to reduce the 
pressure inside to the same as that outside. The stream there¬ 
fore overruns tlie equilibrium state, and the pressure inside the 
resonator sinks below that outside. Consequently an inward 
stream is ])ro<liiced again and the cycle of events is repeated. 


Let us .suppose the mouth A is small and the volume of 
the reasonator i.s large ; then when the air is streaming in and 
out there will be little kinetic energy anywhere except near A. 
W’o may compare A to the centre of a loop in stationary 
vibrations and the whole inside of the resonator to a node. Near 
A there is a maximum motion and very little change of pressure, 
and inside the resonator there 5s change of pressure but very 
little motion. In other words the energy at the mouth is 
mainly kinetic, and that inside is mainly potential. 

164- Dependence of the pitch of a Resonator on its 
Volume- The term F in the expression for the period of 
vibration of any elastic body is the force of restitution for unit 
displacement. In the case of the resonator it is the rise of 
pressure when unit volume of air is introduced. Now the rise 
of pressure resulting from the introduction of a given volume 
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of air depends on the volume of the resonator, and if the 
volume introfluced is small, tlie rise of pressure is inverselv 
proportional to the volume S. Hence it follows tlial the period 
of the vibrations is directly proportional to ^S. 

We have now one method of tuninfj the resonator to a 
particular note. Decrease the volume to raise the j)itch. in¬ 
crease it to lower the j)itch. 'J’his is the leason for the slide 
in the second form of resonator in Fig. 03. 

If the body of the re.sonator is .so large and the moutl) .so 
small that there is no appreciable kinetic energy inside the 
resonator, the shape of the body is of no consefjuence. Take a 
tuning-fork and a bottle, and pour water into tlie bf)ttle so as 
to alter (he volume of the contained air, until it resoumls most 
strongly to the fork. If the bottle is tilted. tJie shape of the 
part containing aii' is altere<l. but not its volume, and it u iil be 
found to give equally good re.sonance in all positions. This is 
not true when lliere is appreciable motion of the air inside the 
body. An organ i)ipc is a resonator, but it will be .seen in a 
later chapter that a long narrow pipe and a short wide pipe of 
the same volume have not the same pitch. 

The elasticity of all gases is the .same except so far as they 
have different values for the ratio of their specific heats, .so it 
does not matter what gas is inside the re.sonator so long as y is 
unchanged, a.s the density of the gas is of no consequence where 
there is no motion. At the neck, however, the case is different, 
for here there i.s maximum motion, and the inertia of the 
moving ga.s is proportional to the density of the gas. We may 
conclude therefore that the period is proportional to the .square 
root of tlie fleiisity of the gas near the mouth. Of course, the 
gas is generally the same at the mouth as in.sidc, but it is of 
interest to see that, if the gas could be changed inside without 
changing that at the mouth, the pitch would be unchanged. 

165. Dependence of the pitch of a Resonator on the size 
and shape of its Mouth. There i.s .still one other feature which 
affects the pitch, and that is the size and shape of the mouth. 
The time taken for an excess of pressure inside to drive out 
the excess of air plainly depends on the size of tlie mouth. Tlie 
more easily the air escapes, the shorter is the period of v ibra- 
tion. If we call the proparty of the mouth in virtue of w Inch 
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it allows the air to e^eape more or less easily its conductivity, 
we may infer that the ‘.'rcater the conductivity, the greater the 

fieiiiicncy. or the higher the pitch. 

The coiKiiK-tivity depends mainly on tlie size of the hole, 
hut also to some extent on its shape. The calculation of its 
value is in most ca.ses beyond the powers oi mathematical 


analysis at present. 

Rayleigh gives for tlic frequency of a Re.sonator 

when a is tlie velocity of sound in the gas, C is tlie conductivity 
of the opening and S the volume of the resonator. In this 
form of the e.xpres.^ion for ii the density and elasticity of the gas 
<lo not appear explicitly as they are both involved in the 
fact(n- o. 

166. Resonators with several Mouths. It is immaterial 
where the mouth is —tliere may in fact be several mouths 
without affecting the conclusions at uliicli we have arrived. 
Cvillinthis case be the sum of the conductivities of the 
separate channels. 

If there are two equal openings so far apart as not to 
interfere u itli each other, the conductivity* is double that of 
cither opening separately, and therefore the frequency with 
two ctpial openings is \/2 times that with one opening. This 
(•orics[ionds to an interval of nearly a fifth. If the openings 
are close together the interval will be rather less, for the 
conductivity depends not only on the size and shape of the 
liole, but also on the e:ise with which the stream of air can 
spread out when it leaves the hole. 


The stream lines for a single hole will be somewhat as 
shewn in Fig. 64. For two holes 
close together they will be as in Fig. 

65. The stream lines on the sides of 
the holes next to each other interfere 
with each other, and cannot spread 
as freely as in Fig. 64. Consequently 
the conductivity in Fig. 65 is less than twice that in Fig, 64 if 
all the holes are of the same size. 
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This argument can easih’ be 
extended to shew that a single 
hole of 1 sq. in. in area has a 
^smaller conductivitv’ than two 
Jjoles eaclj of sc]. in. area, if 
the holes are all of the same 
shape : and further that a sheet 
of ordinary perforated zinc has 
greater eonduetivitv than a sheet 
with a single hole whose area is equal to the sum of the areas 
of all the holes in the perforated sheet.* 

These conclusions as to the conductivity of openings have 
a practical bearing on methods of ventilation, for the ease witli 
which the air can escape through a hole or a set of holes is a 
matter that has often to be considered. It is, for instance, 
sometimes useful to know that a long narrow opening lias 
greater conductivity than a circular or square opening of the 
same area. 

167. Resonance Box of a Tuoing^fork. When it is desired 
that a tuning-fork should emit 
a loud sound it is mounted on a 
resonator consisting of a wooden 
box with one end open, the 
<limensions being so chosen that 
the air contained in the box has 
the .same frequency as the fork. 

The fork alone has such a small 
surface that it communicates 
very little energy to the air, and 
can only be heard when it is 
held near the ear, but when 
mounted on the box the contain¬ 
ed air is set into resonant vibra¬ 
tions, and powerful waves are 
emitted from its mouth. It is 
evident that a fork mounted on 

♦This statement is not true if the holes in the perforated zinc are 
very small, for in that cose the viscosity of the air becomes of importance 
and modifies the result. 
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such a resonaiu-e box t-annot vibrate for so long a time as 
when it is merely held in tlie liand The energy of the sound¬ 
waves (omes from the energy of the fork, and wlien the waves 
are powerful, llie drain on the fork i.s greater than when they 
are weak. 


The energv of air-waves is small, vet bv virtue of the 
principle of Ke.^onanee tlie waves are able to excite powerful 
vibrations in elastic bodies tl»at have the same natural period 
as tlumiselves. This can be .shewn with two such tuning-torks 
on resonance boxes as we have desc-ribed. Call tiio forks A and 
H. and su[)po.se they liave the same pitch. Set A vibrating, and 
liold it near H for a sliort time. Now stop tlie vibrations of A, 
and B will be found to be vibrating. The fork A communicates 
it.s vibrations to its resonance box. this sends out waves which 
excite rescnance in /i s resonance box. the air vibrations in B's 
box make the woorlen walls vibrate, and the vibrations of the 
walls start the fork B. 


There is an old story that some celebrated singer witli a 
powerful voice was able to break a wine gla.ss by singing to it. 
If this really ha[)pened. it was no doubt a ease of resonance. A 
wine glass has a natural periofl, as is easily shewn by tapping it, 
w ben a musical note is given out. If this note is sung, the glas.s 
w ill be .set vibrating, anrl might conceivably vibrate to such an 
extent as to l)reak. 


168. Forced Vibrations- IVe return now to the case 
wliercthc periodic force has not the same period as the free 
vibrations of the elastic body on which it acts We have already 
stated that the amplitude of the vibrations excited will not in 
general be great. 

The complete investigation of these forced vibrations is too 
complex to be given here, and only a few general results will 
be stated. 

It can be shown that if a bod}' whose free vibrations liave 
frequency p is acted on by a harmonic force of frequency w, 
the amplitude of the resulting vibrations of the body will be 

■i— / 
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where Ir is the coefficient of damping of the body, or tlie 
constant which defines the rate at wliich the vibrations die 
away in consequence of viscosity, emission of sound-waves, etc., 
when the body is left to itself, and f is a constant which define.s 
the intensity of the periodic force. 

We see that the more the force and body differ from eacii 
other in period, tlic greater jr—n^ will be, and the .smaller the 
amplitude ^^illbe. Tn other words the more nearly the force 
is in tune with the free vibrations of the body, the greater will 
be tlic amplitude of the forced vibrations. 

The maximum amjihtude is obtained wlicn p — n, for then 
This is the case of Resonance, which we have 
already discussed at length. 

It will be seen that if it were not for the damjiing there 
would be no limit to the amplitiule of the resonant vibrations, 
for if p = n and A-—0, we have A infinite. 

169. Effect of mistuning on the intensity of Resonance- 

It is not practicable to get the period of the force exactly equal 
to the free period of the body, and tlie question arises whether 
a given amount of mistuning has the same harmful effect on 
tlie amplitude of the resonance in all cases. 

Tlie mathematical investigation shews that the effect of 
mistuning depends on the damping, or the rate at which the 
free vibrations of the body die a^\ay. If they die away slowly, 
whetlier it is in consequence of the great mass of the body or 
the smallness of the frictional forces, the tuning must be close 
to get powerful resonance. The vibrations of a tuning-fork 
lieid in the fingers die away very slowly, and therefore, if it is 
attempted to set the fork in vibration by the action of air-waves, 
these waves must have very nearly' the same frequency as the 
fork. 

On tlie other hand the vibrations of the air in a resonator 
die away almost immediateU' the exciting force ceases to act. 
Consequently such a resonator gives a considerable amount of 
sound with a fork of a pitch anywhere near the proper pitch 
of the resonator. This can be tested with the second of the 
resonators shewn in Fig. 63. If the volume is gradually 
altered whilst a vibrating fork is held before the mouth, it will 
be found that there is resonance over a wide range of volume. 



132 


RESONANCE AND FORCED VIBRATIONS 


It is not difficult to see why the closeness of tuning 

neccssjirv to give strong resonance must depend on 
damping. Resonance is due to the cumulative effect of the 
Mu cessivc impulses. If the natural v.bratmiis of the body die 
awav quicklv. tlicre is little opportunity for 
impulses to accumulate. Suppose, for instance, that the Mbra- 
turn of the body when left to itself would practically cease 
after in periods ;* then the effect of the lirst impulse might be 
rc'ar'leil as having disappearctl when the eleventh was gnen, 
aial it would only be necessary to tune the force to the body 
so closely that they should remain approximately m the same 
pliase for lo periods in order to obtain almost the maximum 
amplitude possible. If on the other hand the body would 
perform 5000 vibrations before coming to rest, the tuning 
would liavo to be much closer to give strong resonance. It 
the tuning were only roughly approximate the force would come 
into a phase opposite to that ot the body before the effect of 
the earlier impulses had disappeared, and so would neutra ize 

the effect of tliosc earlier impulses. In this case the period of 
llie force should <liffcr from that of the body by less than one 
part in 10,0(10 to get approximately the maximum resonance. 

* 170. Phase of Forced Vibrations. The force and the 

rcsultim' forced vibrations will not in general be in the same 
])hase. ^Thc investigation of the difference between the phases 
U beyond our scope and nothing more than the results of 
mathematical analysis can be given here. 

If 5 is the difference of phase expressed as an angle, k 
the coefficient of damping, p the frequency of the free vibra¬ 
tions of the body, and n the frequency of the force, then it 
can be shewn that 

2kn 

tan S = - 2 * 

Fi om this relation it is seen that the difference of phase 
between the force and the vibration varies with the amount 
of damping, and with the closeness of the tuning of the force 
to the body. If p=n or the force is tuned exactly to the 
free vibrations of the body tan 8 is infinite. In this case, which 
is the case of resonance, the force and the vibrations differ 
in phase by a quarter of a period. If n is very small compared 
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with p, tan 5 is. very small, ami the force and vibration 
nearly agree in phase. Tliis is the case where (he period of 
the force is much greater than the natural period of the borlv. In 
tile opposite case where the bodv is constrained to vibrate mucii 
more rapidly than it would vibrate if left free, n is larse com¬ 
pared with p, tan 5 is a snnll negative Cjuant!t\-. and the force 
and vibration therefore differ in phase bv ncailv half a period 
Ue shall see in Chapter IX that Helrniioliz made use of the 
dependence of the plia.se relationship on the closeness of tuning 
in his investigation of the cause of consonance. 


171. Initial stages of Forcsd Vibrations. We liave 
fipoken throughout of forced vibrations with the same period as 
the force being the ultimate re.^iilt of theacti(.n of the force 
but have .said little of the initial stajie.s. The most interestin-/ 
case is that in winch tiie period of'the forte is not greallv 
different from the free period of the bodv. In this ease the 
force and the vibrations of the borjy flo not 'differ imudi in phase 
during the first few vibrations, an i tlie amplitude increases as 
in the case of resonant vibrations, the body vibrating in its 
own natural period. The pha.se of the force graclualh’ gets more 
in front of, or behind that of the vibrations, anrl pre.sentlv the 
phases become half a period different from each other.' The 
force then cheeks the vihration.s, wliicli die down, to be increas¬ 
ed once more when tlie phases come into coincidence again. 
The.se variations of amplitude continue for some time with a 
gradually diminishing range, and finally disappear, leaving onlv 
tlie forced vibrations of constant amplitude. 


We can sec from genera! considerations that something of 
the kind described will take place. During the earlier stages 
of the motion we may regard the body as performing simulta¬ 
neously two vibrations of different periods. It lias its own 
natural vibrations set up in the first few periods of the force, 
and it has also the forced vibrations, whicli have the same 
period as the force. These two sots of vibrations haviiK/ difle- 
rent frequencies will give rises and falls of amplitude similar 
to beats. The free vibrations, however, are not maintained 
and gradually die away ; wliilst the forced vibrations liave a 
constant amplitude determined by the greater or less degree of 
approximation of the period of tlie force to the natural period 
of the pendulum, and by the amount of damping. The 
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variuti<,ns of amplil.xle "ill thus disappear gra<lually, and 
nolhiiif! will bo left except the forced vdnations. 

172 Forced Vibrations used in Musical Instruments- 

Foiard vibrations i)lay an important part in musical 
ineiits We inav take the pianoforte as an ms anee The 
Strings have so little surface that if they were merely a tached 
an open iron frame, very little sound would be heard. The 
an- is not .-oiiipressed before an advancing string and rarefied 
behin.l a retreating string, but to a great extent -slips round 
from front to back of the string in time with the t ihiations. 
'I’ho strings are tlierefore Hxed on a sound-board to whicn their 
vibrations are cominunicated. and as the board has a large 
surface, it is able to pass on its vibrations to the air. 


It slioiild be obsprvefl that this is not a case of resonance, 
as the same sound-board has to serve for all the notes of the 
instrument. The sound-board has a small mass and a large 
coemcient of damping, and is therefore able to take up vibra¬ 
tions over a wide range of pitch. If the coefficient of damping 
were small, anv notes of the pianoforte that lay near the 
natural tones of tlie sound-board in pitch would be unduly loud. 
The natural tones of the sound-bo.ard can be distinguished 
immediately after a note is struck, but tliey die out after 4 or 5 
vilirations, and leave only the forced vibrations. 


173- Action of the Sound-Board- The manner in which 
a strim^ comiminioates its vibrations to the sound-board some- 
times presents a difficulty to the student. 


Let (Fig. 67) be a vibrating string attached by two 



Fig. 67 

pins to the sound-board CD, and suppose the string is vibrating 
in the plane of the paper. The effect of the motion of the 
string is to draw’ the pins a little towards each other, when it 
is at the upper and at the lower limit of its swing. The pins 
therefore vibrate witli half the period of the string, and it 
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might be thought that tlic* souml-hoanl would vibrate witii 
the period of the pins, and give out a note an octave hhdier 
than that of tlie string. Tlie sound-board however follows^the 
motion of the string. When the string is at its upper limit 
the pins are drawn together, and the sound-board is bent into 
a curve which is concave upwards. When the string moves 
downwards to its equilibrium position, the souml-board 
straightens again, and then in consequence of rts monuuitum 
takes the .shape of a curve concave downwar.ls. .Meanwhile 
llie string is moving below its equilibrium p.osition and a‘oiin 
drawing tlie pins together. This increases the bemling upwards 
of the sound-board, or increases the amplitude of hs swinff 
The process is continued, and the period of the vibrations of 
the sound-board is thus the same as the period of the vibrations 
of the string, since sound-board and string are always niovim^ 
in opposite directions. If by some means the pins were made 
to vibrate in a direction at right angles to the plane of the 
board, the pins and board wouhl have the same period. 

Tlie rjifference between the two eases can be illustrated bv 
Melde’.s experiment. 

174. Melde’s Experiment. A light string has one end 
fixed to the pron" of a tuning-fork as shewn in Fig. 68. The 
cither enri passes over a pulley and carries a scale-piTn. 



Fig. 68 


Set the fork vibrating, and put weights in the scale-pan 
until the string vibrates in a single segment as shewn in the 
figure. 
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Now turn the fork round until its prongs vibrate in a 
])liine at right angles to the string, and the string wdl be 
found to vibrate in two segments. 

In tlie second case the end B of the string is drawn from side 
to si<ie bv tlie fork. an<l it i.s clear that the period of vibration of 
tile string must be tiie same as that of the fork. It follows 
tliat in the first ease, where the vibrating segment is double 
tlie length of that in the .second, the string nnist vibrate witli 
a pei'iod which is twice the period of the fork. The explana¬ 
tion is the same a.s was given for the action of the pins on 
the sound-hoard. Whilst the prong of the fork performs one 
complete vibration from its extreme left-hand position to its 
extreme right. an<l hack again to its extiemc left, the string 
moves oniv from its extreme position in one direction to 
its extreme posititui in the other direction. The string executes 
one complete vibration whilst the fork executes two, or the 
period of vibration of the string is twice that of the fork. 

175. The Ear. Both forced and resonant vibrations 
])robably play a part in the mechanism by which the ear carries 
.sound from the external air to the brain, but the action ot the 
ear is not fully undci'stood. The short external passage is 
closed at its inner end, by a stretched memberane called the 
(7pnpnuiiin. Behind tlie tympanum is a .small air-space called 
the miildlc car. eonneeted with the back of the mouth by the 
Kustacliian tube, and so maintainc<l at atmospheric pressure. 
At the inner end of this air-spacc is the cochlea, a narrow tube 
closed at both end.s and coiled on itself like a snail-shell. A 
chain of three small bones across the middle ear connects the 
tympanum with a membramis window at one end of the tube 
of the cochlea. 

Air-waves entering the external passage cause forced 
vibrations in the tympanum. These vibrations are conducte<l 
by the chain of bones to the window in the cochlea, and thence 
to the fluid contents of the cochlea. The cochlea is divided in 
two for almost the whole of its length by a partition. This 
partition is bony for tlie greater part of its width, but a narrow 
strip adjoining the wall of the cochlea is membranous and is 
called the laftilar membrane. 

It is believed that the basilar membrane enables us bj* its 
resonance to distinguish between sounds of different pitches. 
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The membrane increases gradually in \\idth as we pass 
inwards round the coils of the cochlea. It is tijihtlv stretched 
across its width but unstretched longitudinallv. Itmavthus 
be compared to a large number of stretched strings place* I 
side by side, the strings varying in length, and perhaps also in 
tension. Each narrow strip across the width of the membrane 
will have a definite period of vibration, and will resuiiiHl 
only to such vibrations in the fluid of the cochlea as have that 
period. If then several notes of different pitch enter the car 
simultaneously, each will excite its own particular part of the 
membrane, and thus by means of nerves running from the 
various parts of the membrane to the brain we are able to 
distinguish between the souiuls. If the theory that has been 
given is correct—it is by no means certain that it is so — the 
basilar membrane serves as what might be called the acoustical 
equivalent of a spectroscope, in that it resolvc.s complex air- 
vibrations into their simple harmonic constituents. 
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176- Meaning of the term Quality. We mean by Quality 
the c'hiiraeteristic which enables us to flistintjuish a note sound* 
eii on one instrument from a note of the same pitch sounded 
on another instrument. The instruments used in an orchestra 
arc chosen so as to «;ive variety of fjuality, and much of the 
cliarrn of orchestral music ari-ses from the contrasts of sound- 
(juality. 

It i.s no <loubt true that, when listening to an orchestra, 
the notes of th? instrument-s are recognized to some extent by 
other characteristics than their quality. The percussion instru¬ 
ments such as the drum, harp, or pianoforte give notes which 
die away quickly, whilst the notes of the wind and stringed 
instruments can be maintained unchanged in intensity. There 
arc slight dilfcrenccs too in the beginning or “attack” of the 
notes. 8omo iintruments begin their notes explosively, others 
reach the fiesired intensity by a rapid crescendo. The main 
ditTcfcnce however is in quality. There is no difficulty in 
distuigiiisliing (he note of a hautboy, for instance, from that 
of a Hute, or a violin, though the pitch and intensity are the 
same. 


In Chapter I wc were led to surmise that differences of 
quality arc related to differences In the “shape” of the sound- 
wave.s, Wc shall now examine this surmise in detail. 

177. Resolving power of the Ear. When two or more 
notes of different pitch are sounding together, the vibrations in 
tlie air <lue to each of the notes separately are compounded into 
a comple.x vibration. The ear is in general able to analyse this 
complex vibration, and to distinguish the separate notes. There 
is a marked difference between the car and the eye as regards 
tlie power of analysing complex vibrations, 

138. 
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Light consists of waves in the hypothetical etlier. and 

trains of ether waves of ditferent wave-lengtlis eorrespon i to 

lights of different colour. If lights of different colours strike 

the eye together, they nre not distinguished separately ; the 

eye sec.s only some one eolotir. The light from a Geisslcr 

tube containing liyrlrogen, for in-Jtanee, is known from speetro- 

scoj)ic ob.servations to eonsi.st mainly <)f red, green aiul blue 

rav.s. vet tlie unaided eve sees onlv a reddisij light. Also the 
• « • * 

same effect may be produced on the eye by different mixtures 
of colours. 


The eye needs a spectroscope to enable it to decide w hat 
are the constituents of a beam of light. The ear contains within 
it.self the acoustical efjuivaicnt of a spectroscope. It is able 
witli a little training to distinguish in most ca.ses the constitu¬ 
ents of a mixture of sounds of different pitch, though, as we 
shall see presently, the analysi.s may be made easier and more 
certain by the use of instrumental appliances. 


178- Limitations to the resolving power of the Ear. The 

above statement as to the analysing power of the ear does not 
hohl when the constituent notes are verv close to each other 
in pitch. In such a case we hear a single beating note when 
there are only two constituents, and a confused noise without 
^lefinite piteli when tliere are many. U'e may regard this, not 
as a failure of the general statement, but as a case where we 
are approaching so near to the limit, where the constituents 
have the same pitch, that the mechanism of the ear is not 
delicate enough to distinguish between them. We have the same 
aj)parent failure in optical instruments. The light of the glow¬ 
ing vapour of .sodium consists mainly of two kind.s with nearly 
tlie same wave length and colour. A small spectroscope slicws 
only a single line in the spectrum—its resolving power is not 
sufficient to .separate tlie two lines. If wc wish to see the two 
separately, we must use an instrument of higher resolving 
power. Similarly the ear has a limited resolving power, in that 
it ceases to be able to appreciate separately two notes sounding 
together, wlion the interval between the notes is small. 

There is a further exception to be made. A note must 
have a certain minimum intensity before it can be heaicl at all 
in the presence of other notes. A* note is easily drowned by 
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another of lower pitch, but a note of low pitch is not so easily 
(Irowiicfi by one of highipitch. 

Admitting then the general statement that the ear can 
analyse the complex vibrations resulting from the simultaneous 
produc tion of several notes of different pitches, the question 
aris(‘s. what kind of vibration in the airgive.s the sensation of 
a [)ure tone, recognized by the ear as having only a single defi¬ 
nite })itch. and incapable of analysis ? 


179. Ohm’s Law. The answer to this c|ue3tion is given in 
Ohm'.s Law . which states that a Simple Harmonic Vibration is 
the only kind of vibration that gives to the ear the sensation 
of a pure tone. 


The law rests to a great extent on our belief that the 
inechajiism bv which the ear analv.ses a note is similar to that 
which we find in dead matter. A complex note can be analysed 
by refraction or otlier processes, and in every case the analysis 
i.s in accordance witli Ohm's I.aw. The constituents separated 
out arc always simple harmonic vibrations. 


The vibrations of a stretched string provide an experi¬ 
mental proof of Ohm’s Law. If a string is plucked at a parti¬ 
cular point, it is possible to find mathematically the nature of 
the vibrations produced, and to express these vibrations as the 
sum of a number of simple harmonic vibrations, w hose periods 
can he calculated. 


It is fouiul that the tones recognized by the ear correspond 
in pitch with the calculated periods. If calculation shews that 
a harmonic constituent of a particular frequency is present in 
the complex vibration, the corresponding note is heard ; if the 
vibration i.s absent, the note is not heard. 

180. Displacement Curves of Complex Vibrations- 

Musical notes are seldom, if ever, quite pure. The note of a 
tuning fork mountefl on a resonance box is almost a pure tone, 
as is also the note of a closed organ pipe of wide bore, but the 
great majority of musical notes are complex, and can be ana¬ 
lysed into a number of constituents. 

Let us suppose that a note contains only two tones an 
octave apart. \\ e can find by the method described in Chapter IV 
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the displacement curve for the complex vibration, if we 
know the amplitudes and relative phases of the two consti¬ 
tuents - 

Suppose the amplitudes ^ 

and phases are as shewn in 
the two uj)per curves of 
Fig. (iU. Then by adding 
the ordinates and taking 
account of their signs in the 
usual wa 3 ' we get the lowest 
curve for the displacements 

of the air wlieii the two notes Fig. C9 

are sounded togetlier. 

It will be noticed that 

the curve is not svminetri- 

% 

cal on the two sides of the 
maximum ordinates. If, as 
usual, ordinates measured 
upwards correspond to dis¬ 
placements of the air 
j)arricle forwards, or in tlie 
direction in which the wave 
travels, we see that any 
pa iT icle moves forward 
quickly- and returns more 
slowly. 

Xext take two constituents of the same wave-length and 
amplitude as before but with a different relation to each other 
as regards phase. Move tire second curve of Fig. (59 to the 
right bt* a quarter of its own wave-lengtli, and we get Fig. 70. 
The compounded eurve is quite different from that of Fig. 69. 
The curve is now symmetrical on the two sides of its maximum 
ordinate. 

In Figs. 69 and 70, we have drawn onl^-^ one complete wave 
in the upper curve. This curve be imagined to be continued 
indefinitely' to the right anrl left, so as to give a train of waves, 
and similarly' the second curve in each set can be continued in 
each direction. fVIiatever tlie relation of their phases may' be, 
one wave of the upper curve is compounded with exactly two 
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waves of tlie sccoiul curve, aii.l therefore the two curves have 
the same relation of phase at B as they have at . 4 . The train 
of waves of wliieh is a part will consist of a series of repe¬ 

titions of .4,/^,. the train of the secoml line will consist of 
repetitions of and therefore tlie compounded train will 

consist of a series of repetitions of A^B^. 


181. Periodic Curves. A curve whieli repeats itself in 
this w;»y is ealled a Periodic Curre. and the length of the pro¬ 
jection on the axis of the shortest piece of the curve that is 
repented is tlie wave-length. The wave-lengths of the first 
and third curves are Aj/i, aiul .43/^3 but the wave-length of the 
second is since the rigijt hand half of AnB^ is a repeti¬ 

tion of tlie le’ft’haml half. Call the wave-length of the upper 
curve 7^. then we may state our result thus. If a simple 
liarmonie curve, or a .sine curve of wave-iength is super¬ 
posed on a sine curve ()f wave-lernjth A. the resultant curve 
is a periodic curve of wave-length A. and ♦’his resultant curve 
hasditferent shapes with different relations between the ampli¬ 
tudes and phases of the two constituents. 


Suppose next we superpose on tiie curve of wave-length A 

one of wave-length .. • " three waves to 

•5 


one in. 4 ,B,. We shall again have a variety of curves whose 
shapes flopend on the relations between the amplitudes and 
phases of the two constituents, hut whieli will all be periodic 
with a wave length A. 


Furtiier, the ^ and curves could be superposed on 

tlie A curve at the same time, and we should still hav'c a resul¬ 
tant periodic curve of wave-lengtli A. 


This process can evidently be 
superposing curves of wave-lengths 


carried on indefinitely by 
2 , 3 , etc., with any 


relative amplitudes and any relations of phase, and we shall 
always get as resultant a periodic curve of wave-length A. 

Thus, it appears that we can get an infinite number of 
trains of waves of different shapes but all of the same wave¬ 
lengths by compounding curves with wave-lengths A and its 
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aliquot parts. Is there any limit to the shapes of curves wo 
can get in this way ? Suppose we draw any arbitrary cni\e, 



Fij. 71 

such as that in Fig. 7J, where the wave-length is AB. Can we 
l)Uil(I up this curve by eompoiinrjing sins curves of wavc-Ieiurtli 
AB and its aliquot parts ? 

182. Fourier’s Theorem. The important theorem known 
as Fouiier’s d'heoi-em states that any periodic curve whatever of 
wave-length A can be built up by compounding sine curves of 

AAA 

a ’ 4 


wave-lengths A, . ; . etc., with two limitations 


(1) The curve must not overhang anywhere as at A in 
Fig. 72, and 

(2) It must not have any 
infinite ordinate as at B. 

If we are dealing only 
with sound-waves, these limi¬ 
tations do not concern us, for 
each represents an impossi- Fig "2 

ble condition in tlie air or 

other medium. An overlianging piece of tlie curve as at 
A would mean that at some such point as C there would 
be tuo ordinates of different lengths, and this would lequire 
that a given particle of air could have two different displace- 
ment.s at the same moment. Limitation (2) clearly has no 
application to sound-waves, for a particle of air cannot have an 
infinite displacement. 



Fourier not only shewed that any periodic curve could be 
built up from sine curves, but he also devised a method by 
which the constituents of any periodic curve could be found. 
The proof of the theorem and the method of employing it to 
analyse a curve require considerable mathematical attainments, 
and nothing more than general results can be given here. 

The theorem can be stated in various ways. Up to this 
point we have treated it as a mere geometrical proposition 
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ai)|»lied to curves, but we liave seen that curves can be used to 
I'lve a graphic representation of vibrations, and we can therefore 
transfer the theorem from the curves to the vibrations represent¬ 
ed l)V tlic curves. 


If we take our curves to represent the displacements of a 
particle of air. wJien a train of waves is pa.ssing over it, we may 
say —since the period of vibration of tlie particle is the time 
taken by the train to travel one wave-lengtln and therefore the 
periuti is pr(ij)oiTional to the wave-length—that any periodic 
vibration with a period - can be represented as made up of siin- 


{lie harmonic vibrations of periods 


3 , etc. 


These vibrations are wliat we founrl for tlie possible modes 
of vibration of a stretched string, when we have 0, 1, 2, 3, etc. 
nodes between tliose at tlie ends, anrl they correspond to the 
tones of the harmonic scale given in Fig. 31, so that this scale 
now acquires additional importance, for it enables us to state 
Fourier's Theorem in vet another wav, which is the most useful 
lor our present purpose. 

Any coniple.x musical note, whose frequency is n. may be 
treated as made up of a series of pure tones of the harmonic 
.scale with frequencies h, 2n, 3«, etc. 

!83. Applications of Fourier’s Theorem. The terms 
needed to build up any given curve may be limited, or may be 
infinite in number. Any term, including the first term of the 
harmonic series, may be missing. Take for instance the case of 
a complex vibration due to two tones near enough in pitch to 
give beats, If the tones are pure they arise from harmonic vib¬ 
rations, and Fourier’s Theorem cannot extract from the com- 
])ound vibration anything more than is put into it. Suppose 
the two tones have frequencies 100 and 101, then Fourier’s 
analysis gives these two vibrations and nothing more. How are 
1 hese to be accounted for as members of the Harmonic Series ? 
The answer is that they are the 100th and 101st terms of the 
series, and no other terms are present. The frequency of the 
compounded vibration is 1 , for in one second, and not earlier, 
eacli of the constituents will have completed an exact number 
of vibrations. The fundamental then in this case has unit fre¬ 
quency but zero amplitude. 
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If we compound two harmonic vibrations whose frequencies 
are incomiiicnsurable, such as 100 and IOOtt, or 100\/^, i^urier’s 
Tlieorem does not apply. The compounded vibration is not 
periodic, as the initial circumstances uill never recur, and tlie 
theorem applies only to periodic vibrations or curves. 

When the complex curve to be analysed has only slight 
curvature everywhere, the lower members of its constituent liar- 
monies have relatively the greatest amplitude. When there are 
points on the curve where the curvature is great, the higher 
term.s become moi*e important, and when the curve has sliarj) 
corner.s, such as those in Fig. 71. it can only be expressed by an 
infinite number of terms of the series. 

Stating the same thing in term.s of vibrations, we may .say 
that the more sudden are the changes of velocity of a particle 
in the medium, tiie stronger are tlje higher constituent harmo¬ 
nics as compared with the lower. This feature has applications, 
to the construction and use of musical instruments, and will 
often be referred to in the following chapters. 

We need not stop to inquire whether it is possible matlie- 
niaticaily to build up a complex periodic curve, from some 
other fundamental curve than the sine curve, for Ohm’s Law 
tells us that the ear analyses notes into simple harmonic consti¬ 
tuents, and therefore our mathematical anaWsis must follow 
the same method. 

The sine function is by far the simplest periodic function 
with which we are acquainted. Jn many different branches of 
physics XaUire’s method of anal 3 'sis of periodic changes is in 
accordance with Fourier s Theorem. Whenever a phenomenon 
can be rep't-esented b.y a periodic curve, the theorem can be used 
to analyse the curve, and find what harmonic constituents it 
possesses. The theorem is in constant u.«e for analysing such 
phenomena as the prevalence of sunspots and magnetic storms, 
the rise and fall of potential in electrical machines, the rise and 
fall of tides, etc. 

184. Nomenclature. There is a want of uniformity in 
the terms used b^’ different writers to designate a complex note 
and its constituents, ^^'e have used the following nomenclature 
up to this point, and shall continue to use it. 
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The complex sound made up of two or more constituents of 
different pitches is termed a not*' \ and each of the constituents 
is called a lonf. A tone is therefore the simplest constituent of 
a sound and is incapahle of analysis. 

When a body is capable of vibratin*^ freely in several diffe¬ 
rent inode.s, as we have .seen to be the case with a stretched 
■string, the lowest tone that it i.s capable of giving is called its 
fiindfimental. and the others are callefl overtones. The various 
inodes of free vibrations of a body are often also called the 
proper mod*^s or nolurul inodes of vibration of the body. 

The overtones of musical instruments in many cases have 
pitches in accordance with the harmonic series, Fig. 31. In such 
cases the overtones are called Harmonic Overtones. 

The student must be careful not to confuse Overtones witli 
Harmonic Overtones. The overtones of organ pipes diverge 
more or less from the Harmonic Series according to the width 
of the pipe, and the overtones of drums, tuning forks, ami some 
other instruments bear no relation to the Harmonic Series. 
^\’hen it is desired to specify such overtones, they are called 
Inharmonic Overtones. 

The constituents into which a periodic vibration is analysed 
by Fourier’s method are generally termed Harmonics. Some 
writers use the term Farlials, or Harmonic Partials for the 
Fourier constituents. 

185. Helmholtz s Theory of Quality. Helmholtz was the 
first to make a full investigation of the causes of the differences 
between the qualities of the notes given out by different instru¬ 
ments, and he stated his conclusion as follows : 

The quality of a musical note depends only on the number, 
order, and relative strengths of its harmonic constituents and 
not on their differences of phase. 

This is in accordance with our surmise in Chapter I that 
quality depends on wave-form, but with the limitation that 
(lifferences of form wliich are caused onlj* by change of the 
phase relations of the constituents do not give differences of 
quality. According to Helmholtz’s view, the third curves in 
Fig. 69 and 70, though different in shape, would correspond to 
tlie same quality, as they differ only in the relative phases of 
the two constituents. 
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Ill order to jn-ovc liis llioorv Ilolinlioltz first anniysed ex- 

]ierinieiital!y tlie notes of several instruments to find tlie inten- 

sitv of tlie various harmonic constituents, and then bv means 
* ^ 

of tuning forks lie sounded these constituents together with the 
proper intensities, and fouiul that he reproduced the original 
quality. 

186. Analysis of Complex Vibrations- It is possible with* 
a little experience to analyse a note into its liarmonics to some 
extent by the unaided ear, but such analysis is rendered difficult 
from our habit of disregarding the harmonics of a note, and 
concentrating our attention on the fundamental. 

The note of a violin, for instance, con.sists of tlie same har¬ 
monics in mucli the same proportions whatever its pitch, and 
we have accustomed ourselves to fuse togetlier the separate sen¬ 
sations due to the various harmonics into a single sensation, 
which we call the quality of the note of ta violin ; separating out 
only that harmonic which has the lowest pitcli, and calling it 
“tlie pitch” of the complex note. 

Some of the harmonics of the note of a pianoforte can be 
heard without much difficulty. Strike the note U, loudly', and 
liold down the key, so as to keep the damper off the strings. 
The lowest 7 or 8 harmonics can generally be heard, if the 
attention is directed to each in turn. The detection of a given 
harmonic is matle easier, if the corresponding key is touclied 
gently before the note C, is sounded, so as to prepare tlie ear 
for the note to which its attention is to be directed. The fifth 
harmonic e is often heard to be surprisingly strong, ^ihen the 
ear has once isolated it. A person with a trained musical ear 
will notice that this fifth harmonic of Ci is a little flatter than 
the € of the pianoforte. The notes of a pianoforte are tuned to 
equal temperament, which makes all the major thirds a little 
sharper than the just intonation, as will be described later. The 
difference of pitch between the two notes is easily detected, if 
C| is first sounded strongly, and then wdiilst its ke^’’ is hied 
<lown, the e of the pianoforte is sounded gently. Beats will 
then be heard from the want of coincidence of pitch between 
the fifth harmonic of 0i and the e of the pianoforte. ^ 

The detection of the harmonics is made easier if resonance 
is used. Depress gently the key corresponding to one of the 
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harmonics of C—say j;-SO as to raise its damper but not to 

suunrl the note. Now sound C loudly and hold down its key. 
Tlie tliird liarmonic of C will cause resonant vibrations in the 
strinjis of g. and if after a few seconds the finger is taken off 
tlie iTey C, the note g will be heard. 

Helnilioltz analysed tlie notes of musical instruments with 
■the help of the resonators shewn in Fig. 03. He used a set of 

resonators tuned to tlie harmonics of Bt). Whilst a trombone, 

for instance, was blown to give the note Bb. he held the reso¬ 
nators to his ear in turn and recorded his estimate of the 
relative strengths of the various harmonies. In the same wa}' 
lie found what harmonics are present, and witli what inten¬ 
sities in the notes of other instruments. 

The next step was to try to imitate the quality of the note 

of any particular instrument, by producing pure tones corres¬ 
ponding in pitch and intensity to those found by analysis in 
the norc of the instrument, and sounding them together. 

187- Electrically maintained Tuning-forks. The most 
coiuenient way of producing a tone apiiroxiinately pure is by 
holding a tuning-fork of the 
jiropcr pitch before a reso¬ 
nator. and tliis was the 
method employed by Helm¬ 
holtz, but as tiie vibrations 
of a tuning-fork soon die 
away, an electrical method 
was used for maintaining 
them. 

A tuning-fork has Fjg 73 

attached to the prong B a bent wire which just touches the 
surface of the mercury in the vessel E, when the fork is not 
vibrating. The ends'of the prongs of the fork are between the 
poles C and D of an electromagnet. When the wire makes 
contact with the mercury at A’, an electric current flows from 
the battery through the coils of the electromagnet, from this to 
the mercury in E, and so by way of the fork back to the 
battery. The electromagnet is thus excited by the current, 
»nd tlie prongs of the fork are attracted outwards towards the 
])oles. but as soon as the upper prong has moved a little way 
the contact breaks at E, the circuit is broken, and the magnet. 
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loses its magnetism, allowing the prongs to fall back. Tlie 
circuit is then closed again and the prongs oi the iork drawn 
apart as before, and this process is repeated continually, the 
fork being thus maintained in a state of vibration. 

Whilst the vibration is going on, the spark produced when 

the current is broken makes a good deal of noi.se, and so this 

fork cannot be used for our present purpose. It will be seen 
that the current in the circuit is interrupteil once during eaeli 
vibration of the fork, and this periodic current can be made 
to drive other forks placed so far from the mterruptor as to be 
out of liearing of the crackle of the spark. 

The fork whose vibrations are to be maintained is placed 
with its prongs between ^e poles of an electromagnet and the 

intermittent current 
produced by the in- 
terruptor is passed 
through the coils. 

The fork will now 
have a periodic force 
acting on it, and will 
be made to execute 
forced vibrations with 
the period of the 
force. If the natural 
period of the fork is 
the same as that of 
llie current, or in 74 , . , . 

other words the interruptor fork and the maintained lork have 
the same pitch, there will be one impulse for eacli vibration, 
and bv the principle of resonance the vibrations will soon 

become large. 



Similarly, if tlie maintained fork has twice the frequency 
of the interruptor fork there will be one impulse for each two 

vibrations, and in this case also large resonant vibrations will 
be produced, and so on ; any fork whose frequency is an exact 
multiple of that of the inturruptor liaving large vibrations 
produced in it. 

The action of the intermittent current on the forks may 
be explained in another way. When the interruptor fork lias 
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reachcfl a steady state, tlic current must be periodic, and 

tlierefore can be regarded as made up of a series of currents 

wliicb vary liarmonieally in intensity, and have frequencies 

1. 2. 3. etc. times that of the interruptor. If the maintained 

forks aie tuned to these frequencies 1, 2, 3, etc., each ^ill be 

in tune witli one of the liarmonic constituents of the force 

acting on it, and so will be maintained in active vibration, 

'riiis is a case of the general principle that a periodic force will 

produce large vibrations in a botly on which it acts, provided 

one of the harmonic constituents of the force has the same period 

as one of the natural vibrations of the body. This principle 

should be specially noted as it has important applications to 

the theorv of musical in.struments. 

% 

The make and break of the current is fairly sudden ; 
consequently the curve by which it could be represented has 
points of great curvature at the make and break. From what 
was said before about the Fourier analvsis of curves with 
great curvature, it follows that a long range of terms of the 
liarmonic series will be required to express the periodic force, 
and therefore forks with pitches high in the harmonic series can 
be maintained by it. 

If the make and break were quite sudden, and always 
oecurrcfl at the same point in the swing of the prongs, the 
interruptor fork would not be maintained in vibration ; for 
the prong would have the same force acting on it in its outward 
and inward journeys, and over the same range in each, and it 
would lose as much energy in one half of its vibration as it 
gained in tlie other. Both make anrl break, however, are delayed 
a little by two causes. The self-induction of the circuit, which 
is considerable on account of the presence of the electromagnet, 
causes a s])ark at the break, which prolongs the current a little ; 
it also ])rcvents the immediate rise of the current to its full 
strength at the make. Further, the wire sticks to the 
mercury at the break, and draws it up a little before the wire 
and surface part company, and at the make the surface is not 
broken and contact made until a dimple has been formed in the 
surface. The result is that the work done by the magnetic 
force while it acts in the direction of motion of the prong is a 
little greater than that done while it acts against the motion, 
and so, on the wliole, energy is communicated to the fork. 
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188. Helmholtz’s Synthesis of Complex Vibrations. Helm¬ 
holtz used 8 forks tuned to the first S terms of the harmonics 
of Bt). Behind each fork was a resonator, \\hich could be 
place'! at difi'erent distances from the fork, so as to intensify 
the sound by any desired amount, and each resonator had a 
shutter bv whicli its mouth could be closed (Fig. 74). The 
electromagnets of the 8 forks were all placed in series in the 
electric circuit of the interruptor fork and so all the forks were 
kept in vibration. 

This method of driving the forks not only permits the 
noisv spark to be put where it will not be heard, but has the 
furtiier advantage that it ensures the frequencies of the notes 

driven out being exactiv in the ratios 1. 2. S, etc. If one of tlie 
■fmks is a little'out of tune when vibrating freely, the current 
forces it into tlie proper pitch, and the only harm that is done 
is that the amplitude of its vibrations is not quite so great as 
it woukl be if the fork were exactiv in tune. Since a tuning-fork 
without a resonator is almost inaudible, very little souivl is 
heard when the shutters of all the resonators are closed. 

Helmholtz found by analysis with his resonators that the 

note of a particular organ pipe consisted of thiee 

members of the harmonic series, Xo. 1 strong, No 3 moderate 
and No. 5 weak ; the other members being mandible. He then 
tried to buihl up this note with his forks. The shutters of all 
the resonators were closed except those of Nos 1, 3 an 1 o 
and these three resonators were separately adjusted to such 
ilistances from their forks as to give tones of the same relative 
intensities as had been found in the ana ysis of the note of he 
organ pipe. On allowing the three forks *« ««»'» 
with this atljustment of intensities, it was found that the quah- 
tv of the note of the organ pipe was reproduced very closely. 
In the same wav the notes of the horn, clarinet and some 
other instruments were mutated. The notes of the 
and violin couhl not be reproduced with so iew forks as 8. J he 
penetrating quality of these instruments arises from the pro¬ 
minence of high harmonics in their notes, and many ot these 
harmonics lay beyond the range of Helmholtz’s forks. 

189. Relation between the quality of a note and the 

phases of its constituents. Helmholtz used this set of torks 
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also to investigate the connexion Iietwecn the relative phases 
of the constituent harmonics ami the resulting quality of note 
prorluccd. 

It uas stated in Ciiapter \ III tliat, if a lesonator l)e put 

sliglitly out of tune with a fork, the resonance will be weakened, 

and at tlie same time Ilie j»hase of tlie resonat(jr vibrations 
will l)e altered. 

\\ e have seen that the pitch of a resonator can be lowere<l 
b\ making tlie mouth smaller, and this wa.s the method used 
l).\ Helniiioltz. He partiv closed the mouth of a resonator 
thus putting it out of tune with its fork. This altered the 
pha.se of tJie vibrations, and at the same time diminished the 
rc.sonanee. He then moved the resonator nearer to the fork, 
and so restored the intensity of the sound. Tlie harmonic 
eoiresponding to this fork had then the same pitch and 
intensity as before, but a different phase in relation to the 
pha.se of the current. He found that no diffei-enee was made 
in the quality of the compound note by altering one or more of 
t le constituents in this way, and therefore concluded that the 
phase of the harmonics has no effect on the quality. 

Tliis conclusion i.s not accepted bv all physicists, and much 
has been written on the subject since Helmholtz’s time. It 
«<mld perhaps be correct to say that at the present time the 
pre\a t nt opinion is that Helmholtz’s theory is right as a first 
approximation, but that change of relative phase of the 
Ji.iimonics ofa note is not quite without effect on its quality. 

190. Speech, differences in the quality of sounds play 
an important part in ordinary speech. Consonants are in many 
cases merely methods of beginning and ending vowel sounds, 
they are only passing sounds and not continuous. The 

Aoucs on the other hand are musical sounds which can he 
n)ajiitain0(l indofinit^lw 

Take the word bad as an instance. If in the coui-se of a 

particular note, and the 
i«! •!« f/ii ^ n^amtained, say over a semibreve, what happens 
s as follows. At the beginning of the semibreve the voice 

begins With a special kiml of explosion which represents the h. 

" maintains it to the 

end of the semibreve, when the note comes to an end with 
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another kind of explosion, which represents tlie d. Neither 
tlie sound of 6 nor that of c/can be maintained. It is only a 
vowel that can be maintained in singing. Consonants are in 
most eases mere noises, whilst vowels arc musical notes. 


Moreover, a vowel maintains its characteristics so long as 
it is maintained. It is not necessary to hear the beginning or 
end to decide what vowel it is. It is clear then that our recogni¬ 
tion of any vowel must be <lue to its quality. We distinguish 
between the vowel « and the vowel ti in the same way as 
distinguisli between the sound of a violin and that of a flute. 


191. The Vocal Organs. 



Fig. 75 


The voice is produced by forcing 
air from the lungs througli 
the opening between a pair 
of stretched membranes, cacli 
of whieh is able to cover half 
of the larynx or passage from 
the lungs to the mouth. 
These membranes arb called 
the Vocal Chords, and when 
not in use for speaking or 
singing, their free edges arc 
widely separated, so as not to 
interfere with the breathing. 


By means of muscles these membranes can be stretched 
and their edges brought together. If air is now forced between 
them, their edges are set in vibration, and the air issues in a 
series of puffs, which give rise to a musical note. 


The pitch of the note is varied mainly by altering the 
tension of the chords, the changes of tension being hrought 
about by muscles attached to the larynx. The pitcli ami 
quality of the note can probably also be altered by changes in 
the distribution of the mass of the chords. On their under 
surface there is a layer of membrane, which can lie moved 
towards or fiom the‘edge, thus weighting the vibrating part to 
a greater or less extent, an<l so altering tlic period and nature 
of the vibrations. The adjacent edges of the chords probably 
touch each other in the course of each vibration, and so make 
the stream of air discontinuous. The result of this disconti¬ 
nuity is that Fourier’s analysis gives a long series of harmonics 
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in tile note j)ro(luce<l. It is possible to detect «'is many as 15 
or 16 in the note sung by a powerful bass voice. 

Tlie sound has to pass through the mouth on its way to 
tlie outer air. and the inoutli and its adjoining cavities have 
natural periods of their own. Consecjuently sucli harmonics 
as approximate in pitcli to any of the natural periods of the 
moutli will be strengthened by resonance, and the quality of 
the note will be altered. The pitch of the mouth regarded as 
a resonator can be altered at will, either by altering its volume 
or hv altering the size of its opening. Changes of volume 
(an l)e brought about either by moving the tongue, or by 
opening tlie jaws more or less wi(iely, and changes of opening 
h\- means of the lips. It will be seen therefore that we can 
make change.^ in the quality of the voice by altering the shape 
and .size of the mouth, and it is by such changes that the 
different vowels are produced. 

192. Vowel Theories. There are at present two theories 
as to the cause of the differences between the vowels, each 
of the theories having its adherents. 

All are agreed that a vowel sound contains a long series of 
harmonics, some one of which is strengthened by the resonance 
of the mouth. In certain cases the mouth cavity is divided 
into two hy the arch of the tongue, and in these cases two 
harmonics are strengthened, for each of the parts of the mouth 
cavity has its own natural period. The point at issue is 
whctiier the strengthened tone is fixed in pitch, whatever 
may he the pitch of the note on which the vowel is sung, or 
whether it moves up and down with the pitch of the note, 
always remaining at the same interval above the fundamental. 
The two theories are called thejt rcd pitch and the relative pitch 
theories respectively. Helmholtz believed the fixed pitch theory 
to be true. 

Taking the vowel o, for instance, as in the word note, he 
found the strongest resonance was always at 5‘b, whose vibra¬ 
tion number is 466. whatever might be the pitch of the note 
to which o was sung. He gives the following scheme for the 
maximum resonance due to the mouth cavity when different 
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vowels arc sung. The vowels arc to begi'cn 
pronunciation. 


loo 

their German 



UOuOAAE I Ou 

Fig. 76 


According to tlic fi.'ced pitcli theory then, tlie mouth is set 
to a definite shape for each vowel, and retains that shape un¬ 
changed ^^ heu a scale is sung. This theory is more generally 
held than the relative pitch theory at the pre.sent time-at 
least as giving the main cause of the difference between the 

vowels. 

T}ie relative piteli theovv states tliat for a given vowel the 

harmonic which is .strcngthene<l by the mouth resonance is a 
certain .Icfinite member of the harmonic series, anil so moves 

up and down with the fundamental. Tins view assinii ates he 
vowel characteristie to what we have called the qua ity of the 
notes of a mu.sical instrument. According to this theory the 
nualitv of the vowel is the same for all pitches of the tunda- 
niental as the relative strength of the harmonic constituents 
remain^ the same. Hence if we sing a rising scale^ on some one 
vowel, the mouth must be altered at each step of the scale, so 
that its resonance pitch may rise, as the pitch of the fundamen- 


tnl rises. 

We shall have more to say on the vowel theories when we 
have described tlie Vhonograph. (See note on p. lo6.) 

193. Harmonic constituents of the notes of Musical 
Instruments. We shall conclude the chapter with a briet 

account of the distribution of the harmonics m the notes ot a 

few instruments. 

The Pianoforte has the second harinonie nearly as strong 
as the fundamental. The third, fourth, etc. fall off rapidly in 
intensity, until above the sixth or seventh the harmonics arc 

very faint. 
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The \-ioli„ lu>. a lone se. ies of harmonies falling off graclu- 
,,IIV in intensity. They fall off somewhat rapidly as fai as the 

fourllu and then iiioro slowly. 

A Stonned Oi-an pipe lia.< ‘'nlv liarmnnics. If the 

pipe t wl'U,l nl^^e il 'praHieally ,a,re i if i. . narrow, the 
Il'nd harmonie is strong and the filth is perceptible. 

.\n Open Organ pipe has the fall series so far as they 
exteral A\vide pipe has the octavo fairly strong, and one or 
tun nthers perocptihlc. A narrow pipe lias a senes of gradu. \ 
diininisliing intensity as far a.s tiie sixtli or sc\enth. 

Tile Flute gives a nearly imre tone. The octave is faintly 
audible hut no other harmonies can he heard. 

The Clarinet has the third, fifth and seventh harmonies 
fairly strong. Tiie fourth, sixth and eighth are also \ct\ faintly 

audible. 

The Hautbov. the Brass Instruments, and the Human 
Voice are alike in having a full series of harmonics falling ott 
araduallv in intensity, hut they differ in the height to ^Ullch 

the series exton<ls. The note of tlie French Horn has no 
appreciable harmonies above the sixth, the Trumpet and Trom- 
hniie liave harmonics quite perceptible as far as the eighth or 
ninth, whilst the Hautboy and the Human Voice extends to the 
sixteenth or higher before becoming inaiulible. 

Notk. Since this chapter was written the work of Sir R. Paget 

np))eai-s to have settled the rontroversy on the nature of vowjI soun«ls 
in favour of HelinhoU/Zs fixed pitch theory. 
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OIUJAX PIPES 


OiLMJi pipes ni:iv be flividerl into two mam classes, 1 lute 
or FlueS^ipes and Reed Pipes, but within each of these classes 
there are manv varieties differing in shape and material. 


D 


iq4 Action of the mouth of a Flue Pipe- ^ 

section of a typical Flue Pipe. Air is blown into 
tliepipeatH. It i.ssues from tlie long narro\\ slit 
li in a thin sheet, which strikes the sharp edge 6 of 
tlie front of the jiipe, and sets up vihnRions m the 
body 1). Tlic pipe may be made oi metal or ot 
wfjod. its section may be circular or scpiare, and its 
upper end may be open or closed. 

The manner in whieli the sheet of air excites 
vibrations in the pipe is uncertain, but it is proba¬ 
ble that something of the following kmc takes 
place. We sliall assume that the pipe is closed at 

tlie upper end as in the figure. 

The sheet normally strikes the edge C, hut 
some accidental circumstance, such as a slight 
movement of the air, may deflect it inwards. A putt 
of air then enters tlie pipe and causes a condensa¬ 
tion. which travels to tlie closed upper end, is 
reflected there, and returns to the ‘nputh. J he use 
of pressure resulting from the arrival of the conden¬ 
sation at tlie mouth deflects the sheet of air out¬ 
wards. As the mouth is to be regarded as an open 

end the conden.<ation is now converted by reflection into a 


Fi 


rarefaction, and the amount of rarefaction is increased by tlie 
.action of the sheet of air, « hicli is now blowing across tlic out- 
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si.lc nf tiK- mcuth. a„.l by a uell-kmnvn l.y.lroclynamieal princi- 
nie lowers the pressure inside tlie pipe*. 

Tlie rarefaction then travels to ll.e top, and tlown again to 
tin- in,mill. On its arrival at the innutli it 

Uie -beet nfair inwanls. a eonilensalion is pn.cluectl, and the 

whole pro<ess is repeated. Thus, if the vibration ,s once 
startet! it will be maintained by the oscillations of the sheet 
of air for whenever a condensation arrives at the mouth mid is 
eonveVtcil’ bv reflection into a rarefaction, the conversion is 
helped l)v tlie sheet passing outside the pipe, and sinularly the 
change from a rarefaetion to a condensation is helped by the 

sheet passing inside the pipe. 

195. Period of vibration of a closed pipe- The account 
we have given of the action of the blast serves also to shew that 
the period of vibration of a closed pipe is the time taken by 
a pulse in travelling twice up and down the pipe, for a pulse 
starting as a comlensation makes two journeys to the top 
and back before starting again as a condensation, or, it is only 
after two journeys that it completes its cycle. 

The distance a wave travels in one period is one wave¬ 
length. and therefore the wave-length of the tone given out by 
a efosed pipe vibrating in the manner described is four times 
the length of the pipe. We shall see presently that the pipe 
can vibrate in other modes, whicli give a different relation be¬ 
tween the wave-length and the length of the pipe. The mode 
we have described is that corresponding to tlie lowest or funda¬ 
mental tone of the pipe. 

196- Period of vibration of an open pipe. Let us con¬ 
sider next the case of a pipe wliieh is open at the top as well as 
at the mouth. A condensation started at the mouth travels to 
the open top, and is returned thence as a rarefaction. On 
arriving at the mouth it again changes phase, and starts its 
second journey up the pipe as a condensation. Thus it always 
starts from the mouth in the same phase, and therefore the 
time it takes to travel from the mouth to the top and back is 
one period, and the wave-length is twice the length of the pipe. 

•This phenomenon can be shewn by holding a glass tube with its 
lower end in water, and blowing strongly across its upper end. The 
water will rise a little in the tube, shewing that the pressure has been 
reduced by the current of air. 
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If then we Imvc two pipes of the same length, one 
and t!ie othei- closed, tiie o])en i)ipe will give a tone 
wave length is lialf that of the tone given by tlie closed 
or the open pipe will sound an octave higher than tiie 

pipe. 


open 
^\ hose 
pipe, 
closed 


197. Correction for an open erd. This result is not 
strictly true. IVe saw in a former chapter that the reflection 
from an open end must be regarded as taking place a little way 
beyond the end, and consequently the open pipe, having two 
open ends, mu.st be regarded as being acoustically a little longer 
than the closed pipe, which has only one open end. Twice the 
length of the open pipe with its two additions is more than one 
half of four times the length of the closed pipe with its one 

addition, and therefore the open pipe is rather less than an 
octave above the closed pipe. Blow an open orpin pipe and 
then cover its end. The note will be heard to fall a little less 

than an octave. 


The addition that has to be made to the length of a pipe 
with an open end is called the correefion/or//le open end. The 
smaller the bore of the pipe is in proportion to the wave-length, 
the smaller is the correction. For the present we sliall suppose 
the pipe is narrow and not very short, and shall neglect the 

correction. 


198- Overtones of flue pipes* Another metliod of deducing 
the mode of vibrations of pipes may usefully be given, as it 
lead.s more directly to the relations between the overtones. We 
may regard the blast at the mouth as sending a train of waves 
aloiu^ the pipe. These waves are reflected from the other 
end—open or closed, as tlie case may be—and by the superposi¬ 
tion of the reflected train on the direct train stationary vibra¬ 
tions are produced in tlie pipe, in the manner explained in 

Chapter IV. 

We may then imagine the pipe to enclose any number of 
segments of a train of stationary waves, subject to two con¬ 
ditions :— 

(1) An open end must be situated at an antinode, for the 
change of pressure must be a minimum at an open end. 
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(2) A closc'l etui must be at a node, for there cannot be 
any motion at a closed end. 

4 



Fi::. 78 


Let Fiu. “M represent tlie displaeeinent curve for a series of 
stationary waves at two instants. The full curve shew.s the 
inaximum displacements of the various particles of air in one 
<i;ri‘ction. and the dotted curve .shews their ma.\imuni displace¬ 
ments in the o})posite direction half a perio 1 later. 

The nodes are situated at E, F, 0, U and J and the anti¬ 


nodes at -tI. B. C and D. and any two consecutive nodes, or any 
two consecutive antinodes, are half a wave-length apart. As an 
open pipe must have an antinode at each end, we may regard 
it as enclosing the length-l/i. or .dC. or-■JZ.t of the train. In 


the lirst case it encloses half a wave, in the second case a whole 


wave, in the third case three half waves, and so on. 


199. Overtones of an open pipe. If we arc considering 
the various mo<les of vibration of an open pipe of fi.xeci length, 
wc must imagine the wave length of the train to shrink step by 
.step, so as to allow 1, 2, 3. etc., half waves to fill the pipe, 
always beginning and ending at an antinodc. 


We can now find the wave-lengths and modes of vibration 

of tlie various possible tones of the - _a=s=*. 

pipe. _ f 

The fundamental may be re¬ 


presented diagrammatically by Xo. 


I of Fig. 79. There is a node in 
the middle of the pipe, and an anti¬ 



node at each end, and the wave¬ 


length is double the lengtli of the 
pipe, as we saw before. Admitting 
that we have stationary vibrations 
in the pipe, and that the ends are Fig. 79 

antiiiodes. it is clear that we cannot have any mode of vibration 
that will give a lower note than this, for there must be 'at least 
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one node l)et\veen any two antinodes. If we liave more than 
one, as in No. 2 or No. 3, the wave length must be less, and the 
pitch higher. 

The mode of vibi*ation that gives the first overtone is shewn 
in No. 2. Here there are two nodes, each one quarter of the 
length of the pipe from an end. The pipe contains one wave, 
and therefore the wave-length is one half, and the frequency 
twice what it was for the fundamental. 

Similarly the third mode has three nodes, one of which i.s 
in the middle and each of the others one-sixth of the length of 
the pipe from an eml. The wave-length is one-third and the 
frequency three times that of the fundamental. 

Evidently thi.s process can be continued indefinitely, and 
we conclude that an open pipe can give a series of tone.s whose 
frequencies are proportional to the series of numbers 1, 2. 3. 

4. etc.—the same serie.s of tones as we found for a stretched 
string. 

200. Overtones of a closed pipe- The case is different 
for a closed pipe. Here the clo.scd end is a node and the open 
end an antinode. The lowest note 
for which these conditions are ful¬ 
filled is one for which one quarter 
wave length fills the pipe as in No. 

1 . 

The next higher note possible 
is one which takes in the part from 
E to 7:^ of Fig. 7X. This mode is 
shewn in No. 2 of Fig 80. There is 
node at 4^. PQ is lialf a wave- 
length and QR is a quarter of a 
wave-length, and therefore the node Q is one-third of the length 
of the pipe from the open end. No. 1 contains one quarter- 
wave anrl No. 2 contains three quarter waves ; and therefore 
the second mode has three times the frequency of the first. 

The third mode has two nodes in addition to tliat at the 
closed end. One of these nodes is one fifth the length of the 
pipe from the open end. The pipe contains five quarter waves 
and the frequency is five times that of the fundamental. 

Library Pracup c 
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This process again can be continued imiefinitely, and thus 
■ive see tliat the possible tones of a closed pipe have freciuencies 
proportional to the sei ies of odd numl)ei'S 1, 3, 5, etc. 

201. Experiments on the overtone’ of pipes. An^ open 
]>i])e then can give tlie f ull series ot liarmonics slie«n in Fig. 31 
whilst a closed pipe gives only every alternate tone beginning 
uitli the lowest. 

An ordinary tin uliistle is merely an open organ pipe, 
wliose Icngtli can l)e altered by uncovering the holes in turn. If 
all the lioles are kept covered, the first three or four tones of 
tlie series can be [)roduccd without much difficulty. Blow gently, 
and tlie fundamental is heard. Blow harder, anil the note jumps 
an octave to the first overtone. Blow still harder, anrl the note 
goes up to a twelfth above the fundamental. 

To shew the overtones of a closed pipe a small closed organ 
pipe may be used. The first overtone, a twelfth above the 
fundamental, is easily produced by vigorous blowing. The next 
is two octaves and a major third above the fundamental. It will 
jirobably be found difficult to blow the pipe hard enough to pro¬ 
duce tliis note. It is easier to produce the overtones on a narrow 
pipe than on a wide one. 

The manner in which the air vibrates in a pipe can be 
illustrated by a spiral spring similar to that described in Chapter 
IV. Hang such a spring vertically, draw down its lower end 
slowly, and then release it. The coils of the spring will execute 
vibrations similar to the vibrations of the successive layei*s of 
air in a closed pipe giving its fundamental. The upper end of 
the spring corresponds to the closed end of the pipe where 
there is no motion, and the free end corresponds to the open 
end of the pipe. Any one coil of the spring describes harmonic 
vibrations, the amplitude of the coil situated at the free end 
being the greatest, and that of the coil at the fixed end being 
zero. At any moment all the coils of the spring are moving 
in the same direction, either closing in on the fixed end, or 
spreading outwards from it, and the velocity of a coil is greater, 
the farther that coil is from the fixed end. 

Any other mode of vibration of a closed or open pipe can 
Be illustrated by imagining two or more such springs joined 
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entl to end. For an open pipe giving its fundamental imagine 
two such springs with tlieir fixed ends joined together, an<i 
the phases of the vibrations so adjusted that each of the two 
iialves has its greatest extension at the same moment. In this 
case the state of condensation or rarefaction is the same at any 
moment at points equidistant from the centre of the pipe. The 
student will find it a useful exercise to work out one or two 
other cases in the same way. 


The positions of the nodes and loops in an open pipe can be 
found experimentally by lowering into an organ pipe witli one 
sifle made of glass a small paper drum, on wliich a pinch of 
sand is sprinkled. When the drum is anywhere near an antinode, 
the motion of the air makes the sand dance, whilst when it is at 
a node, the sand does not move. By this means it can be shewn 
that, when the pipe is sounding its fundamental, there is a node 
at the middle point, and when it is overblown so as to sound its 
first overtone, there are two nodes, each a quarter of the length 
of the pipe from an end. It will be seen also that in all cases the 
sand is violently agitated when the drum is near either end of 
the pipe. 

_ • • 

202. The Manometric Capsule. Konig’s Manometrle 
Capsule may also be used for shewing the positions of the nodes. 
The manometric capsule consists 
of a small box divided into two 
parts by a thin flexible mem¬ 
brane. The space on one side 
of tlie membrane has a short « 
tube .1, whicli can be inserted A 
in the wall of the pipe. The 
space on the other side of the 
membrane has two openings. 

TJiiough the lower opening B gas 
is admitted, and the upper Fig. 81 

opening is provided with a pinholeb urner, where the gas burns 
with a small flame. 





If the tube A is inserted near a node of the pipe or, as is 
more usually the case, the left hand half of the capsule is omitted 
and the diaphragm forms part of the wall of the pipe, the 
variations of pressure will make the membrane vibrate, and the 
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flame ui!l rise and fall in time with the vibrations. The dancing 
of the flame is too rapid to be detecte<l by the unaided e\e. but 
is easilv seen with the help of a revolving mirror. A cubical box 
Iwis mirrors on its four vertical faces, and is made to rotate about 
a vertical axis. The image of the flame seen in the mirror tra¬ 
vels so quickly across the field of view, tliat it appears as a band 
of If the fhune is at rest the ban<l is contnuious , it it is 

flancing, the upper edge of the band shews a series of teeth. 

If tlie capsule is placed at the middle of an open organ pipe, 
which is giving out its fundamental, the band ui I sheu teeth, 
for we have seen that there is a male at the middle of the pipe. 
If now the pipe is blown more strongly so as to give out its 
next higher tone, the teetli will almost disappear, for the eap.^ule 
is now at an antinode. The teeth will not disappear eomiiletely. 
for there arc always harmonies present, some of which have node 
at or near the midille of tlic p5p^- 


203. Methods of tuning flue pipes. There are several 
methods of tuning ojien pipes. One method is to make a hole in 
the side of the pipe near tlie open end and cover this with a flap 
of lead ti.xed to the pipe by one edge. If tiie flap is pulled away 
slightly from the pipt‘, the pipe is virtually shortened, and the 
pitch is raised. 


Another method is to make the upper part of the pipe slide 
telescopically over the lower part, so that the length can be 
alt^*red. 

^Fany of the flue pipes in an organ consist of cylindrical 
tubes of soft metal. These can be tuned by altering slightly the 
.«izc of the opening at the top of the pipe. A liollow cone of wood 
pressed over the end elo.ses the opening a little and lowers the 
j)itch. A solid cone prc.ssed into the opening enlarges it ami 
raises tlie pitch. 

iVIetal pipes often have two flaps standing out, one on each 
side of the mouth. If these are bent a little towards each other, 
the pitch is lowered, and vice versa. 

The principle of these last two methods will be understood, 
if tlie pipe be regarded as a resonator, for we have seen that 
enlarging the mouth of a resonator raises its pitch. 
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Stopped pipes generally have the upper end closed by a 
tiglitly fitting plug, and a pipe can be tuned by pushing the 
plug in or pulling it out so as to alter the length. 

204. Deteimin^tioD of the correction for the open end- 

We must return now to the correction for the open end of a 
pij)e, and explain in the fir.st place how it has been determined, 
and afterwards how its existence affects tlie pitches of the pro¬ 
per tones of the pipe. 

The theoretical determination of the amount tliat must be 
adder! to the open en<i of a pipe to give the effective length has 
hitherto proved to be too difficult for mathematicians, except 
in the ca.se of a narrow cylindrical pipe with an infinitely largo 
flange at the end. In this case the correction is found to be 
when/?, the radius of the pipe, is small compared with 
the wave-length. 

iTifortunately flanged pipes are of little practical im¬ 
portance, and we are compellerl to rely on experiment for find¬ 
ing the value of the correction for such pipes as are actually 
used in musical instruments. 

Hayleigli determined the correction for an unfianged pipe 
by finrling the change in the pitch when the flange was removed. 
Two pipes of nearly tlie same pitch were blown together, one 
of the pipes having a flange which could be removed. The num¬ 
ber of beats per second was counted, first when the flange was 
ill pf)sition, and next when it was removed. The difference 
between the numbers of beats per second in the two cases is the 
change in frequency caused by the removal of tlie flange. 

It is clear fi om what was said of the moutli of resonators in 
Chaj)ter VTII that the flange must act in the direction of hinder¬ 
ing tlie free egress of air from the pipe, as it confines tlie stream 
lines into a smaller space. Hence removing the flange has the 
same effect as enlarging the mouth of a resonator, that is to say 
it raises the pitch of the pipe. 

The pipe used by Rayleigh had a frequency 242, and it 
appeared that the effect of the flange was to reduce the frequen¬ 
cy by li. Rayleigh took the velocity of sound at 60® F. to be 
1123 ft. per sec. ; the effective length of the pipe was therefore 
about 28 inches. The radius was I inch. Thus the correction 
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due to the fiance is the same fraction of 28 in. as li is of 242, 
or about *2 R. Since tlie correction for a flanged end is knouTi 
to be ‘82 R. that for tlie open end of an unflanged pipe is '62 R. 


Blaikley determined the correction by immersing tlie lower 
part of a thin brass tube in water, and fiiuling the length of the 
unimmerse<l part when the tube rcsounderl most strongly to a 
fork of known pitch. The water .surface forms a closed end to the 
pipe, and therefore tlie pipe gives nia.ximum resonance when its 


length with the correction added 




etc. 


Blaikley nieasure<l the the tuo shortest lengths of pijie 

which gave resonance. Call these /, and U. then/o—?!= for no 

correction is to be added to the half->iave from 
the bottom of the pipe to the node in the se¬ 
cond mode of vibration. 

Also ?i+c = ^A, 

or ^="’“2—' 

Blaikley found 'o8i? as tlie mean value of 
the correction. 

205. Effect of the correction for the 
open end on the overtones. If the correction 
depended only on the width of the pipe, and Fig. 82 
not on the wave-length of the note produced, 
its existence uould not affect the relative pitches of the natural 
tones of a pipe. The pipe would merely have to be regarded as 
longer by an amount c, and what has been said as to the pitclies 
of the natural tones would still hold, each tone being a little 
flatter tlian it would be if no correction were needed. 



This is not generally the case, for the correction varies 
with the wave-length. It is found that with open pipes of 
wide bore the overtones are all sharper than the liarmonics of 
the fundamental, and the divergence is greater for tlie over¬ 
tones of higher order. The effect is less marked with narrow 
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pipes, and for these the lower proper tones are fairly concordant 
with the harmonic series. 

206. Effect of the correction for the open end on the 
quality. The existence of tlie correction for the open end has 
an effect on the quality of organ pipes. The pipe may bo 
rc‘'ardcd as a resonator, which is excited by the vibiations of 
the sheet of air at its mouth. These vibrations arc maintained 
unchanged whilst the pipe is sounding, and are therefore perio¬ 
dic, and can be expressed by the harmonic scries. It has been 
stated that a resonator will respond appreciably to a periodic 
force only when there is a harmonic constituent of the force 
having a*period near that of one of the proper modes of vibra¬ 
tion of the resonator. A narrow pipe has proper tones which 
are nearly in accordance with the harmonic series, and therefore 
fall near tlio con-stituents of the force. For such a pipe there¬ 
fore the resonance will extend to a considerable number of the 
lower members of its modes of vibration, and the note given 
out by the pipe will contain many harmonics. It should be 
noted that the constituents of the note of the pipe are /mr- 
wioniC5 and not the proper tones of the pipe. If a pjirticular 
proper mode of vibration has a period near a harmonic of the 
mouth vibration, the vibration excited is not in this natural 
period of the pipe but is “forced” into the period of the har¬ 
monic. The nearer the proper tone and the harmonic are to 
each other in pitch, the greater will be the intensity of the 
corresponding harmonic constituent of the note. 

Wide pipes have proper tones which depart markedly from 
the liarmonic series. Such pipes therefore give notes which 
contain few harmonics, and these harmonics are low in the 
series. If a wide closed pipe is blown gently, it gives a note 
which is almost a pure tone. 

Tlie note of a narrow pipe is rich and full, that of a wide 
pipe is smooth and rather dull. 

207. Conical Pipes. All the pipes of which we have 
spoken up to this point have been assumed to be of uniform 
bore throughout their length. Conical pipes are used to some 
extent in musical instruments, and should be mentioned here. 
Their theory is less simple than that of cylindrical pipes. 

tihrary Sri Pratap Qoi 

Sri-'ia^ar 
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It lias been shewn bv Helmholtz that a pipe consisting of 
a cone closed at the narrow end has a series of 
proper tones whose frequencies are in the ratios 
1. '2. 3. etc., or a cio.sed conical pipe has the same 
series of proper tones as an open cylindrical pipe. 

The hautboy, bassoon and clarinet all consist 
of tubes w itli a leetl at one end, and, as wc sliall 
.see later, the leed end is to be regarded as a 
cio.sed end. The hautboy arnl bas.soon have 
conical tubes witli the reed at the narrow end and 
therefore lise an octave when overblown, whilst 
the clarinet has a cylindrical tube and therefore 
rises a twelfth. 

208. Reed Pipes- We must now pass to the 
second group of oritan pipes—tlie Reed Pipes. In 
the.se the vibration is eau.sed by a tongue of metal, 
wliich vibrates in front of an opening in a metal 
plate, thus allowing a series of puffs of air to pass 
through the opening. 

Fig. 83 is a section of one form of reed pipe. 

Air from the bellows of the organ is introduced 
into the l)o.\ B through the tuhe.-l. The pipe 
/) is fj.ved witli its lower emt insMe the bo.x. 

This end consists of a metal tube with one side 
battened, and pierced with a long narrow opening 
at C. Over this opening is a rectangular tongue of metal 
called tlie reeil. fi.xed at its upper end, but free for the rest of 
its lengtli. The tongue is a little larger than the opening, so 
that wlien pre.ssed tiown it cuts off completely the supply of air 
to the pipe. It is not quite Hat, hut bent outwards a little in 
a curve, and s<). when it is at rest, aii* can pass from the box 
to the pipe. The eurvaturc of the reed also makes the closing 
le.ss .sudden—the reed rolling over the hole, so to speak, and 
closing it gradually. 

209. Free reeds and beating reeds. A reed such as that 
described in §208 is called a beaiing reed, since at each vibration 
it strikes the plate in which the opening is cut. 

There is another kind of reed called a free reed, whicJi is 
slightly smaller than the opening, and so does not cut off the 
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supply of air so completely at each vibration as does tlie beat 
ing reed. 

Fig. 84 shews the two forms of reed. The full line is tlje 
vibrating tongue and the dotted 
line is the opening. 

In the cases wliere the reeds 
arc associated with pipes, as in 
the organ, free reeds liave been 
superseded by beating reeds al¬ 
most completely. Man 3 ' modern 
organs have no ])ipes with free 
reeds. \\’he>i liowever tlie reetls 
are not associated witli pipes, as 
in the harmonium and concertina, 
free reeds are used, since beating reeds give too harsh a tone, 
if tlie}’ are not mcllowe(l by the addition ol pipes. 

210. Action of the reed. The explanation of the action 
of a reed pipe is somewhat similar to tliat of a flue pip(>, where 
the sheet of air might be regarded as resembling a reed in some 
respects, tlioiigh, as we shall see, there is the important 
difference that the moutli of a flue pipe is an open end, wheie* 
as a reed pipe must be regardcfi as closed at the reed end. 

When a reed pipe is blou n, air jjasses tlie sides of the reed 
into the opening. Tin's causes a condensation to run up to the 
open end of the pipe, and return as a rarefaction. Meanwhile 
the reed has been closed by the rush of air, and is held closed 
by the arrival of the rarefaction. Consequently' the pulse is 
still a rarefaction when it starts on its second journey. It 
travels to the open end, changes sign, and returns to tlie icod 
end as a condensation, where its pressure added to tlie elasticity^ 
of the inctal tongue causes the reed to open, and they hole 
process is repeated. Tlius we see that tlie period ot vibration 
is the time taken by the pulse in travelling four times the 
length of the pipe, or the wave-length is four times the length 

of the pipe. 

We have used this somewhat artificial explanation once 
more, because it shews why tlie reed end is to be regarded as 
a closed end, iii spite of the fact that it is at this end that the 
air and the energy enter the pipe. 

y 










170 


ORGAN PIPES 


Tilo reed is always closed when it is at a centre of rare¬ 
faction. and to a ‘Treat extent breausr it Ls at a centre of rare¬ 
faction, It is aluavs open when it is at a centre of compression, 
Imt it does not then behave as an open end. for the moment 
it opens it admits a stream of air at hiL^i pre.ssure, which 
iiK’iH’Ascs the «il?*c<\(Iy existing. 

211. Effect of the reed on the pitch of the pipe- When 

tlie reed is very flexible, like the thin cane reed ot a clarinet, 
the note j)ro<lnce<l depeiuls solely on the length of the pip'^'- the 

reed being constrained to vibrate in unison with the piia-. If 
the recti were suflieientlv stiff and heavy, it wonhl force the 
vibrations of the pipe, and the pitch of the note would depeiul 
solely on the natural period of the reed. The reeds usetl in 
organ pipes are of thin metal, aiul there is reciprocal constramt. 
The reed forces the vibrations of the pipe, and the pipe modi¬ 
fies the natural period of the reed. It is necessary in practice 
that the reed and the pipe .should have nearly the same pitch, 
for. if this were not the case, the note would have a poor 
quality, and the pipe would not “speak” readily ; tliat is to 
say. it would not begin to sound the moment the air was 
admitted. 


212- Method of tuning a reed pipe. A reed pipe is 
tuned, not by altering the length of tlie pipe, but by altering 
the free period of the reed. A wire B passes through the top 
of the box B {Fig. S3), and its bent end presses against the 
reed, so that the part of the reed from its upper end to the 
place where it is touched by the wire is held against the seat¬ 
ing and only the part below the wire can vibrate. Hence, if 
the wire is ])ulled up. the reed is lengthened, and the pitch 
lowered, and vice versa. The reed is able to control the pipe 
within the range required for ordinary tuning, but if it is 
shortoneil by a considerable- amount, the note jumps to a pitch 
somewhere near one of the higher proper tones of the pipe. 

The reeds could, if desired, be used without pipes, and. as 
we have said, free reeds are so used in the harmonium. The 
chief reason for adding the pipe is that the tone is thereby 
greatly improved and strengthened. A beating reed alone 
gives a note of harsh and unpleasant quality from the strength 
of its high harmonics. When a pipe is added, such harmonics 
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of the reetl as fall near proper tones of the pipe are strengthen¬ 
ed. and the others are unaffected. If the pipe is not very 
narrow, it is mainlv the lower harmonies that are strengthened, 
and the note is therefore made less piercing and disagreeable. 

The higher liarmonics are always present to a greater or 
less extentrand are the cause of tlie characteristic penetraling 

quality of reed pipes. 

213. Effect of temperature on Organ Pipes- Flue Pipes 
and Peed Pipes are both altered in pitch by change oi tem¬ 
perature, but to a different extent. 

■ Ki.se of temperature affects a flue pipe in two ways. The 
pipe gets a little larger from the expansion of the ^\ood m 
metal of which it is made, and the density of the air within 
it is diminished. The increase of size of the pipe is so small as 
to have no appreciable effect on the pitch, but the change m 
the density of the air a'ters the pitch by an amount that is 

quite perceptible. 

We saw tliat the velocity of sound in a gas is proportional 
to the square root of the absolute temperature, and the tre- 
quency of the vibrations of a pipe is I’/A. where A is constant, 
being twice or four times the length of the pipe accoiding as 

it is open or stopped. The frequency of the pipe is thereiorc 

proportional to the square root of the absolute tetnpeia uie. 


Let us suppose tlie temperature of the organ rises froiu 
60^ F. to 75® F. in the course of a performance. . it then a Hue 
pipe has a frequency 512 at 60°, it "ill ha\e a lequencj 

V45^5 This is nearly a quarter of 

\/450 + 60 
a semitone sharper. 

The pitch of a reed pipe is dependent on the pitch of the 
reed as well as on that of the pipe, and these 

opposite directions by rise of temperatuie. t.ppomes 

a little softer and tlierefore flatter, whilst the P‘P® 3'®“ , 
sharper. The effect on the reed is in general less tha that 

on tL pipe, and therefore the pitch on the whole rises t>‘ = 

to a less extent than the pitch of the flue P’P®^; 

that the different sections of an org.an can be aceuiately 
tune with each other only at one temperature. 
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CHAPTER XI 

RODS, PLATES AND BELLS 

We shall ronclude the discussion (tf the vibrations of 
-lifteront dassos of bodies with a brief account of the modes of 
vibratioti in several miscellaneous cases. Some of thep have 
„nlv a the<.retical interest, ami nearly all require advanced 
mathematics for their complete investifiation. 

214- Longitudinal vibrations of Rods. Elastic rods can 
vibrate iti many different ways. The vibrations may be longi¬ 
tudinal, transverse, or torsional : the ends ot the rods may be 

fixed, supported, or free ; and the rods may be of any section. 
Only a few of the po.ssible modes nec<l be mentioned. 

The longitiulinal vibrations of a rod are closely analogous 
to tho.se of the column of air in an organ pipe. The fixed end 

of the rod corresponds to the closed end of a pipe or to a node, 
and the free end corresponds to an open end of a pipe or to 
an antinode. We may have waves of compression and rarefac- 
tion runniim alonu the rod, and stationarv vibrations produced 
bv tlteir rcHeetion at the end, exactly as we had in the case of 
a'column of air. The chief difference between the two cases 
is tliat the roh needs no correction corresponding to the correc¬ 
tion for the open end of the pipe. 

The velocity of waves in a rod i.s expressed by the usual 

formula ^ , where E is the elastic constant and D the 

inertia term involved in the particular hind of wave that is 
hcinir considered. In the case of longitudinal waves E is 
Voung’s i^Iodulus, and D is the density of the material of which 
the rod is made. The formula shews that the velocity is 
independent of the tension in the cases where tlie rod is fixed 
at h(*th ends and stretched. It is also independent of the thick¬ 
ness. provided the material remains the same. Doubling the 
cross section doubles the inertia of any layer, but it also 
doubles the forces of restitution, and so leaves the velocity 
unchanged. 
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215 Longitudinal vibrations of a rod fixed at both ends. 

The longitudinal vibrations in a rod fixed at both ends are not 
analogous to the vibrations of the coinj)kl(>- column ol air in 
anv organ pipe, for a pipe cannot have both ends closed. They 
resemble the vibrations of the column bounded by two nodes 
in one of tlie higher modes of a pipe. Tliey are easily produced 
in a wire 6 or S’feet long, firmly fixed at its two ends, and 
provided with some appliance l)y which it can bo drawn tight. 
If such a wire is rubbed near its middle with a piece of leatlier 
dusted with resin, it will give its fundamental tone. 

If the wire is lield at its middle point between the finger and 
thumb, and one of the halves is rubbed, the note protiuced will 
be an octave higlier than before. 


It is needless to enter into <lctails of the various po.^sible 
modes of vibration. The fixed ends are always nofles, and 
there may be any number of nodes between them. It follous 
as in the ca.se of tlie transverse vibrations of a string tliat the 
natural tojies must form tlie full harmonic series. 


216. Longitudinal vibrations of a rod fixed at one end. 

A rod fixed at one end lias modes of vibration similar to those 
of the air in a elo.sed pipe. The fixed end of the rod is always 
a node, and the free end an antinode. The natural tones of the 
rod have fret^ueneies proportional to the odd numhers 1, 3, •>, 
etc., and the po.sition of the node for each tone is the same as 
for tlie corresponding tone of a closed pipe. The tones arc 
easilv produoetl bv rubbing with resined leather a thin metal 
rod clamped in a vice at one end. 


217 Longitudinal vibrations of a rod free at both ends. 

The longitudinal vibrations of a rod free at both ends are 
analogous to the vibrations in an open organ pipe. They have 
a special interest from their being the kind of vibrations used 
in Kundt’s apparatus to be described in Chapter XII. Hold a 
glass rod or tube five to six feet long at its middle, and rub it 
lengtliways near the end with a piece of wet Hanncl. The 
fundamental, tone of tlie rod will be produced without much 
difficulty. The point held in the hand is a node, and the two 
free ends arc antinodes, and therefore the wave-length in the 
glass is twice the lengtli of the rod. In order to produce the 
first overtone hold tlie rod one quarter of its length from one 
end, and rub the shorter section. We have now two nodes, 
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„ qnarte,- of the rn.rs length from an end, and the note 
is an octave liieher tlian the fumlamental. It is 
thcorcticallv possible to produce the tu I senes of harmonics, 
hut (lithcult in practice to j^et anything above the second with 
, ,-,)d of reasonalde length. The tones pro<iuced are very 
pfoverful. They are occasionally so powerful as to shatter the 

The -student sliould avoid making tlie mistake of supposing 
that the wave-length in air is. for instance, four times the 
Icn.'thof the rod. when a rod fixed at one end gives out its 
fundamental. When we spoke of organ pipes we assumed that 
The vibrating substance was tlie same inside and outside the 
pipe and the wave-length was the same inside and outside. 
With rods the ca.se is different. The period of vibration of 
the rod is the same as the period of the vibrations produced 
bv it in the air, but the wave-length is different. It is evident 
from the equation it = ?\ that, if t is the same for the rod and 
the air, the wave-length in the rod is to the wave-length in air, 
as tlie veloeitv of waves in the rod is to their velocity in air. 
The velocity of sound in an iron rod i.s about 15 times as great 
as ill air. and therefore an iron rod 4 ft. long fixed at one end 
would produce air waves a little over a foot in length. 

218. Transverse vibrations of rods. There are many 
modes in which a rod can vibrate transversely, according to 
the way in which it is supported. It may have one or both 
ends free, one or both ends firmly fixed, or both ends resting 
on supports. When both ends are free it may be supported or 
fixed at one or more intermediate points. 

If both ends are sup|>orted, the rod takes a form such as 
No. 1 of Fig. 85, where it can 
change its direction at the ends*. 

if both ends are fixed, it takes 
the form of No. 2, where the direc¬ 
tion of the ends cannot change. 

The elastic forces resisting bending 
are clearly greater in the second 
case, and therefore the pitch is 
higher, if the two rods are of the 
same length and thickness. 


No. 1 




No. 2 



Fig. 85 


•The rod could not be mado to vibrato with its ends supported as 
8he%vn in the figure \inless the amplitude were small. If it were large 
the rod would jump off its supports. 
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Only two cases of transverse vibrations need be considered, 
namely, tlmt in which one end is fixed and tlie other free, and 
tliat in whiclj both ends are free, the rod being supported at 
two intermediate nodes. The former, wliieli \\e mav term a 
fixed-free vibration, is tlie more imj)ortant. 

219. Transverse vibrations of a rod fixed at one end. 

The tongues of reeds, the vibrators of musical boxes, and the 
prongs of tuning forks may l>e regarded as fixed-free rods. 

I'lie first three modes of vibration of a fixed free rod are 
shewn in Fig. 86, where A. B, and 
C' are nodes. The monies of vibra¬ 
tion bear some resemblance to those 
of a closed pipe, but tlierc are 
important difierences. The natural 
tones of a closed pipe have frequen- 
cies in the ratio 1 : 3 : 5 etc., whilst 
those of a fixed free rod do not 
follow the harmonic series, but rise 
in pitch much more rapidly. The 
relative frequencies for the first ^‘8’ 

three modes are approximately 1, 6i, 17^. 

The nodes too are not in the same positions as in a closed 
pipe. The node in the second mode is a little more than a 
tilth of the length ot the rod from the free end ; those in the 
third mode are about one eighth and one half respectively. 
The length BC is not the same as CD, though the two segments 
have, ot course, the same period. The reason is that at D the 
direction of the rod is fixed, whilst at B and C the direction 
can change. The greater length of CD compensates the greater 
elastic forces due to the constraint at D. 

The vibrations are easily produced in a visible form in 
a stout brass or steel wire fixed in a vice at its lower end. 
The wire sliould be of such a length that the vibrations in the 
first mode are quite slow—say one a second—otherwise those in 
the higher modes will not be easily seen. In order to produce 
the second mode hold the wire between the finger and thumb 
about one fifth of the length fi*om the top, and pluck below 
the hand. The vibrations will be seen to continue in this mode 
•when the fingers are removed. The third mode can be produced 
in a similar way. 
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Tl.o f.Tq..oncies of tl,e fun.lamcntals of rods of the same 
thickness and material hut different lengths are inversely 
pWijK.rtional to the squares of the Icn^nhs. 

Rods of tlie same length and of rectangular section the 
direction of vibration being parallel to one of the sides of the 
ivctaULde, have frequencies jaoportional to the length of the 
.ide <if the rectangle in the plane of vibration, and independent 
of the dimensions of tlie rectangle at right angles to the 
direction of vibration. These relations are easily seen to be 
true for if a rod is doubled in width in the direction at right 
au'des to the plane of vibration, both the inertia and the e astic 
forces are doubled, and therefore the period is unaltered. It 
the thickness in the jilane of vibration is tloubled, the inertia 
is floiibleil but the elastic forces are increased eightfold, and 
therefore the period is halved. 

220. Wheatstone’s Kaleidophone. It will be seen then 
that a rod of rectangular section ti.xed at one end has dillerent 
poriodsof vibration in two directions at right angles to each 
otlier If the free end is drawn aside in a direction not parallel 
to either of the sides of the roetanglc. and is then released, 
hotli vibrations will be executed simultaneously, and the 
motion of the free end will be that got by compounding the 
two. If the dimensions of the rod are such that the periods of 
the two vibrations bear a simple ratio to each other, the free 
end will describe one of Lissajous’ Figures. Such a rod with a 
.small hriglit bead fixed to the free end to permit the figure to 
be seen is known as Wheatstone s Kaleidopiione. 


The K.-ileidophonc as more coramonly constructed consists 
of two thin strips of steel joined end to end, the plane of one 
of tlie strips being at riglit angles to that of the other. One 
eiifl of tlie Kaleidophone so formed is clamped in a vice. Each 
strip then vibrates only in a direction at right angles to its 
own plane and the vibration of tlie free end is compounded 
of the vibrations due to the two parts separately. The advan¬ 
tage of this form of the instrument is that the period of 
^ ibration of the lower strip can be varied by clamping the 
strip at different points and so altering its length. It is thus 
possible to vary tlie ratio of the frequencies of the two compo¬ 
nent vibrations and to produce several of Lissajous’ Figures 
with the same instrument. 
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221. The musical box. The vibrator of a iDusical box 
consists of a comb cut from a steel plate. The teeth of the 
comb form a series of fixed-free rods, and are graduated in 
length so as to give a musical scale. The teeth are set vibrating 
by small pins fixed in the surface of a revolving drum in such 
po.sitions that they pluck the ends of the rods at the j)roper 
moments. 

222. Method of tuning a rod. The pitch of a fixed-free 
rod can be adjusted by scraping. If a little is scraped off 
near the free end, the inertia is diminished, whilst little change 
is made in the elastic forces, and therefore the pitch is raised. 
If the rod is scraped near the fixed end, the elastic forces are 
weakened without much change in the inertia, as there is little 
motion at this part of the rod, and therefore the pitch is 
lowered. The free reeds of harmoniums are fixed-free rods, 
and thej' arc tuned by scraping away the metal at the free end 
or the base, according as it is desired to raise or lower the pitch. 

223- Transverse vibrations of a rod free at both ends. 

A rod free at both ends takes 
the form shewn in Fig. 87 
when it giv'es out its fundamen¬ 
tal. A and B are nodes, and the 
bar ma 3 '^ be supported at these 

points by wedges of some soft material such as India-rubber or 
felt without interference with the vibrations. Each node is 
•22 I from an end, where / is the length of the rod. 

The higher modes have 3, 4, 5, etc. nodes, and the fre¬ 
quencies of the vibrations in the various modes bear no simple 
relatio n to those of the harmonic series. 

Bars free at both ends are used in the harmonicon. 7’he 
bars consist of flat strips of glass metal, or wood cut to such 
lengths as will give the musical scale. The lengths are inversely 
proportional to the square roots of the required frequencies. 
The strips are supported at their nodes on strings, or on strips 
of wood covered with felt, and are made to vibrate by being 
struck with a hammer. 

224. The tuning-fork. The tuning-fork may be regarded 
as two fixed-free rods on the same base. It is an instrument 
of the greatest value in acoustical experiments from its con¬ 
stancy as a standard of pitch. It is little affected by external 
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r*- ..n,l if kent free from rust, and not subjected to 

i/ retains its pitch for years without 

’ . e ^n.1 'Ihs is so sn,all as to he neghgible for 
ot ‘ A rise of temperature increases the size of 

the fork a‘nd diminishes Us elasticity, but tl.c latter change has 
much tl,e greater effect on tl>e pitcl,. It .s louml that the 
frcduencv of a fork iliniinislies by one ten tliousaiwlth of its 
amount for a rise of one Centigrade degree Hence it would 
rc(|uiie a rise of 20=C. or 36“K. to lower the frequency from 

Tlil overtones of a fork do not belong to the luirmonm 
series Their pitch depemls on the shape of the fork, but 
Uiey are always' much higher than the fundamental. The first is 
0 to 3 octaves, and the second 4 to 5 octaves above the fun. a- 
mciital. Thev are usually audible for only a few seconds after 
tlie fork is kriick, as they die away more quickly than the 

fundamental. 

4 fork mounted on a resonance box gives a note that is 
pract'icallv a pui-e tone. The box, like the fork, has a senes 
of natural tones, but in general none of the tones of the box 
lie near the tones of the fork except the fundamental, and 
therefore only the fundamental is str^igthciied. 

A tuning-fork is sometimes regarded, not as two fixed-free 
rods, but as a single free-free rod bent 
at its middle. This second way of regard- - 
ing the vibrations is useful, as it gives a 
clearer idea of the manner in which the 
vibrations in the fork cause vibrations in 
the resonance box. Fig. 88 shews three 
stages in the bending of a straight rod into 
a fork. There are two nodes in each case, 
those in the fork being at the base of the 
prongs. It will be seen on considering the 
successive stages that the short piece 
between the nodes at the base of the fork 
vibrates up and down, when the prongs 
vibrate outwards and inwards, and the up 
and down motion is communicated to the 
top of the resonance box, and so to the air. 


+ 


4 



Fig. 88 
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The method of tuning a fork is similar to tliat used for 
tuning rec.ls. The prongs are filed near their free ends to raise 
the pitch, and near their bases to lower the pitch, as was ex¬ 
plained in § 37. 

225. The Triangle. Tlie triangle used in orchestras is a 
steel rod bent into a shape convenient for suspending and 
striking. It is struck with a steel rod. and its note contains 
a multitude of powerful constituents tying so close together 
that no definite pitch can be recognized. It is an extreme 
case of the quality of note that is called “nietall'c,” if indeed 
it can be Siiiil to give a note. 

226- Vibrations of Plates. Chladni’s Figures- The 
vibrations of flat plates have not much practical importance, 
but they are rendered interesting by the simplicity and beauty 
of the method devised by Chladni for shewing the nodal lines 
in the various modes of vibration. 

The plates used for producing Chladni’s Figures may be 
square or round, and may be fixed at aii}^ point. We shall take 
as an illustration a square plate fixed at its centre. The plate 
is generally of glass or brass, 12 to 15 inches square, and is 
lield firmly at its centre by a screw passing through a hole in 
the plate, or by a clamp. It should be of the same thickness 
everywhere, as otherwise the figures produced will be irregular. 
Most plates shew some irregularities, and these may be ascribed 
to irregularities in the thickness or elasticity of the plate. 

Scatter a very little fine sand evenly over the plate, hold 
the point A at the centre of one side with 
the finger and thumb, and apply a violin 
bow near the corner B. The plate will then 
give out the lowest note it is capable of .pro¬ 
ducing, and the sand will gather along two 
diameters parallel to the sides of the square. 

Some practice is needed to produce the 
notes easily'. The bow should be held nearly 
vertical, and pressed fairly firmly against 
the plate. It should not be in contact w ith 
the plate at the moment of changing from an 
up stroke to a down stroke. In each stroke get the bow in 
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motion before it touches the plate, and remove it before it 
conies to rest for the next stroke. 

The lines of sand mark the lines on the plate which remain 
at rest, or the nodal lines. The quarters ot the plate vibrate 
in .‘^uch a way that when 1 is coming up. 2 is going down. 4 is 
coming up, and 3 is going down. It is a general rule m all 
Chladni’s Figures that the sections divided from each other by 
any nodal line are always moving in opposite directions. The 
line clearly could not be a node if this were not the case. 

In the case we are considering 1 and 4 move together, and 
2 and 3 move together, but in the opposite direction to 1 and 
3. If then 1 and 4 are at any moment moving upwards and 
sending out a condensation, 2 and 3 must be moving down¬ 
wards and sending out a rarefaction. The waves from the 
different quarters must therefore interfere to some extent. This 
can be proved by holding a card over each of 2 and 3 whilst 
the plate is vibrating, when the sound will be heard to be 
strengthened. 




Fig. 90 



a 

3 


The next higher note that can be produced gives the figure 
No. 1 of Fig. 90. Hold the plate at a corner and bow at the 
centre of one side to produce this figure. Nos. 2 and 3 are two 
other patterns that are easily produced. In each case bow at 
the centre of a side, and hold the plate at the point a where a 
nodal line meets that side. 

Circular plates fixed at the centre give two classes of nodal 
lines. The first class consists of radial lines dividing the plate 
into an even number of sectors, and the second consists of 
circles concentric with the plate. The nodal circles are most 
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easily produced, if the plate is not fixed at the centre, but 
supported on three small cones of wood placed so as to lie on a 
nodal circle, and is then tapped at the centre with a soit 
Iiammer. When tliere is only one nodal circle, it is about two- 
thirds of the radius from the centre. 

227. Vibrations of Bells. Bells have modes of vibration 
somewliat similar to those of circular plates. The nodal lines 
arc of two classes, radial lines running from the point of .support 
of the bell to its edge, and dividing it into an even number of 
equal .sections, ancl nodal circles running round the bell at 
various heiglits above the mouth. 

Let us consider the mode in which there are four nodal 
lines from tiie summit to the rim and no nodal circles. Tliis is 
the mode corresponding to the decpe.st tone that the bell can 
give out. 

Fig. 91 represents the mouth of the bell when it is vibrating 
in this mo<le ; .1,C. D are the ends of the nodal lines. 
Between these points there are segments where the rim vibrates 
rapidly in and out. If at any 
njoment it is outside its nor¬ 
mal position at E and (?, it 
will be inside at F and //. This 
is a similar statement to that 
made about Chladni’s Figures. 

On crossing a node the direc¬ 
tion of motion and the dis¬ 
placement are reversed. 

It is evident that the 
blow of the clapper is suited 
to set up this form of vibra¬ 
tion. but it can also be pro¬ 
duced in another waj'. 

When for a moment the 
bell has the shape in which the segment AB \s inside its normal 
position the length of rim between A and B must be less than 
that between A and D ; and a little later, when the segment 

is inside its normal position, and the segment AB is out¬ 
side, the segment AB will be longer than AD. It follows that 
during each vibration a little of the rim is transferred through 
A from the segment .^2) to the segment AB and back again, 



^ibruiy 


CoU 


182 


RODS, PLATES AND BELLS 


or tliere is a tangential vibration of the rim at each of the 
nodes A, B,C, D. We might say that this tangential vibra¬ 
tion has nodes at E, F. G, H ami antinodes at A, B, C, D, but 
we must not treat it as a separate mode, for we cannot have it 
apart from the radial vibration. If we start the tangential 
vibration, it must of necessity be accompanied by the radial 
vibration. 

Tiie well-known method of making a wine glass sing by 
flrawing a wet finger round it.s edge is an instance of this. The 
motion of the finger e.xcites tangential vibrations, and these 
give rise to radial vibration.s. This is easily seen by partly 
filling the glass with water, wlien the surface is seen to be 
disturbed at four points at ecjual distances from each other 
round the circumference. These points of greatest disturbance 
are the antinodes of the radial vibrations. They follow the 
linger round tlie glass, since the finger is always at a point of 
maximum tangential motion, and therefore always half way 
between two points of maximum disturbance of the water. 

The note of a bell contains many and powerful constituents, 
which may or may not be harmonious with the main tone, and 
the art of tlic bell founder is largely devoted to finding by 
experiment the shape of bell which brings the more important 
constituents into harmonic relations with each other, as this 
conduces to sweetness of tone. 

Tlie best bells of the present day liave the notes shewn in 
Fig. 92 as the most prominent constituents, 
assuming the note of the bell to be C. 

Bells are an exception to the general rule 
that the lowest tone present is that which 
characterises the pitch as a whole. The pitch 
of the bell whose main constituent tones are 
shewn in Fig. 92 would not be taken to be 
the pitch of No. 1 but of No. 2. The tone Fi?. 92. 

No. 1 is called by bell founders the Hum Note. It is more 
pei-sistcnt than the others, and is often heard alone as the sound 
dies away. No. 3 is generally strong, and consequently a chord 
of a major third or a major tenth sounds bad when played on 
two bells. The second or the first tone of the bell of higher pitch 
is then a semitone above the third tone of the lower bell, and 
an unpleasant etfect is produced by the clashing of the two 
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tones with each other. A minor third or minor tenth is m;:ch 
hotter. 

Bells are not generally accurately in tune when first cast. 
Tlje maker puts tlicin in tune and brings tiie .subor<linate tones 
into consonance witli the main tone by placing the bells on a 
lallie and turning metal from tlie inside. B.xperience alone can 
shew from what part tlie metal must be taken to have the 
<lesire<l effect. 

228. Vibrations of stretched membranes. A stretched 
membrane, such as the liead of a drum, can vibrate in \ arious 
inodes somewhat similar to those of a plate. It is not necessary 
to entei' into any details of the modes and norlal lines, as they 
arc of no practical consctjuence. I'hc great drum and side 
drums give mere noises, and are used only to accentuate tlie 
rliythm of the music. Orchestral drums have round their 
circumference a number of screws by which the parclirnent 
forming the drum head can be tightened and tlie pitch altered. 

*229. The Method of Dimensions. We shall conclude the 
discussion of the modes of vibration of different classes of 
clastic bodies by giving the proof of an important law which 
liolds for vibrations of any type. 

If two elastic bodies made of the same material and per¬ 
forming vibrations of the same type have the same sliape, and 
differ only in size, tlieir periods of vibration will be propor¬ 
tional to their linear dimensions. 

The theorem is most readily proved by what is known as 
XhQ method of dimeiwiions. Assuming that the proportions of 
the body remain the same whatever its size may be, the period 
of vibration may flepend on any linear dimension I, the density 
of the material p, and the elastic coefficient of the material e. 
The period then can be expressed as a function of I, p, and e, 
and tliis function can in general be expanded into a series, 
which we may represent by ZAl^pve^, where A is a numerical 
constant. The equation ■z=ZAUfiVt^ must be homogeneous; 
that is to say, eveiy term must be of the same rlimcnsions in 
mass, length and time. If this w’ere not the case, a change in 
the size of the fundamental units as, for instance, the change 
from a foot to an inch as the unit of length, would render the 
two sides of the equation unequal. On one side of the equation 
we have only t, w'hich is a time, and has the dimension 
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T. On the Other side Hs a ien|,^th and has dimensions L, and 

P is the mass of unit volume with dimensions -^g-. There are 

two fundamental co-efficients of elasticity, either or both of 
which may he involved according to the type of vibration. 
The coefficient of volume elasticity is, as we saw in Chapter V, 

oftheformSp— and has therefore the dimensions of a 

^ ■ V 


pressure or . The coefficient of rigidity is the shearing 
force per unit of area which gives the unit angle of shear, 
or ^^"'''^-^angle, whence its dimensions are also • Hence 
wc have in the expression for t a series of terms uith dimen¬ 
sions of tlic form T-^, where 


X, y and z must be so related that the dimension of each term 
of the series is T. We have therefore, equating the indices of 
the units of length, mass and time respectively on the two sides 
of the equation, 

0=ar-3y-2, 

0=y-h2, 

l = -2c 


which give x=\. y = ^, z = — ^ as the only possible set of values 
that will satisfy the conditions, and the series reduces to the 

single term AIa/ ^ . We see then that the period of vibra- 

V « 

tion is proportional to the square root of the density of the body 
and inversely proportional to the square root of the coefficient 
of elasticity—two conclusions wdiich we reached by another 
metliod in Chapter II. We have also the result that the period 
is proportional to the linear dimensions. If we have, for 
instance, two tuning-forks which are geometricallj' similar in 
shape, and are made of the same material, but one is double 
the size of the other, the larger fork will be an octave lower 
than the smaller in pitch. Similarly if two spherical Helmholtz 
Resonators are so made that one has double the diameter of 
the other, and has also a mouth of double the diameter, the 
larger will resound to a note an octave low’er than that to which 
the smaller resounds. 


CHAPTER XII 

ACOUSTICAL MEASUREMENTS 

Ill t lie prccediii" chapters we liavc described a few such 
inetliods of measurements as fell naturally into the line of our 
argument. In the present chapter we shall gather together a 
number of other methods wliich have been u.sed by investigators. 
The aim will be not so much to proviile a complete list, as to 
describe representatives of the various types of measurement. 

We shall deal first with the measurement of the pitch. 

230. Measurement of pitch by Cagniard de la Tour^s 
Sire.»i In Chapter I it was shewn 
that the frequency of a note can be 
found by means of Savart’s Toothed 
Wheel or the Disc Siren. These 
instruments are cai)able of giving 
onlj' a rough approximation to the 
frequenc 3 ^ A better instrument of 
the same class, where the number 
of vibrations per second is countefi 
directly, is Cagniard dc la Tour’s 
Siren shewn in Fig. 93. 

This siren consists of two 
circular discs nearly in contact, of 
which the lower forms the fixed top 
of a wind chest, and the upper can 
rotate freely on a spindle. Each of 
the discs is pierced with a circle of 
holes, the holes in one disc corres- 
poiifling in number and position Iig. 03 

with those in the other. 

The nind chest is supplied with air from bellows with a 
pressure regulator. Suppose now 
the upper disc is rotating. Every 
time the holes in the two rows 
coincide a jet of air will escape 
from each hole in the upper disc, 

iSd 




Fig. 94 
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<ui(l it tlicrc for nistjincc. 2** holes in euch circle, there \^ill 
be 20 pufTs f(,r each turn of the disc. Eacii puff will of course 
consist of 2(» sc{)ar.ite jets, but as they take place simultaneously 
the\' inav be rejiaidcil as a single piifl. The rotation is inain- 
taiiied by tlie pres>ure of the air in tlie wind chest, for tlie holes 
are cut oblicpieU' as sliewn in Fig. 1)4. so tliat the stream of air 
from tlie l(jwer hole strike.s the side of tlie upper hole. The 
‘ireatei tlie pressure of the air. the more rapid is the rotation of 
tlie upper jilato. and therefore llie higher the pitch ot the note 
given out. The spindle of tlie upper jilatc is conneeted with a 
counter wliich can he put in or ont of action as desired, and 
shews on a dial tiie number of rotations in a given time. 


In order to u.se the instrument for Hnding the frequency 
of the note of an organ pipe, for instance, start the siren hy 
admitting wind from tlie hellow.s. and wait until its note ceases 
to rise. Then inerea.se or diminish the pressure, until the siren 
and [)ipe aie in unison. 'J'he final adjustment is most easily 
made hy making the note of the siren a little too high, and 
bringing it down to that of the pipe hy slightly reducing the 
air supply by means of a clamp on the supply tube. When the 
two notes liave been brought to tlie same pitch, throw the 
counter into gear for a dehnite perii)d. such as a minute, and 
find from the dial the number of revolutions in that period. 
This mimlicr multiplied by the number of holes in tlie circle 
gives the numlior of air vibrations per minute, or 60 times the 
frequency. 


The determination cannot be made with any great accu¬ 
racy for several reasons. Throwing in the counter reduces the 
speed of the disc a little, and puts the notes out of tune. This 
source of error can he avoided to some extent by leaving the 
eounler in gear all the time, and wlien the tuning lias been ad¬ 
justed. taking the time of, say, 1000 revolutions by means of a 
stop watch. 


It is not possible to keep the pitch of the siren quite cons¬ 
tant riming the experiment. The tuning is effected by making 
the beats between the two notes hooome gradually slower, until 
they disapjiear. If. as is generally the case, they reappear whilst 
the experiment is going on, they must be removed as quickly 
as possible, and this is not easy to do. for one cannot tell 
whether the siren is now too high or too low. The pitch can be 
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lowered by toucbing the spindle gently with a piece of paper or 
a feather.' If this cpiiekens the beats, the pitch was already too 
low. and it must be raised by opening the clamp on the air tube 
a little. For further retinements of the method the reader is 
referi'cd to Harton .s Text Book of Sound. 

231. Measurement of pitch by the Monochord. \\ c .saw 
in Chapter 111 tliat tlie frequency of tlic vibrations ot tlic 
string of a Monochord giving out it.s fundamental note is 

' j If then the string is tuned to unison witli a given 

niuiiifl foi k. tl.e ficanency of the note of the fork «in be calc,,, 
latefl fiom this expression. An example of tlic ealeiilation ivas 
..iven in Chapter III. The tuning is elfccteil as n.sual by ad¬ 
justing the length of the string until tlie heats disappear. 

TTie ordinary form of tlic nioiiochord is not siiitalilc for 
measuring frequeneics, for tlie friction of tlic pulley over wliieli 
tlie string passes mav cause the tension m tlie liorizoiital part 
tube dilferent fron'i tliat in the vertical part and .so not 
properlv represented liy tlie weigiit liuiig on tlie free end. t 
is better to fix tlie monocliord in siicli a position that the iihole 
.string liangs vertically, and to liold tlic .string against tlie bridge 
hv pre.ssing it ivitli a thin piece of lyood. The string nnist be 
thin, as othenvise its ivant of flexibility will render the formula 

inapplicable. 

With these precautions frequencies can be determined by 
the monochord with an error of not more than about five vibra¬ 
tions per second. 

232. Measurement of pitch by the Graphic Method. A 

nietliod ivhicli gives much greater accuracy is tliat known 
as tlie Graphic Jlctliod. Many modifications of tlie nietliod have 
been used, hut we sliall limit ourselves to tlie description of one 

of the simpler forms. 

The method is an amplification of an experiment described 
ill Cliapter II It was shewn there that wlien a tiiiiing-fork with 
a liftht style attached to one of its prongs is drawn over a piece 
of smoked paper, or, wliat amounts to tlie same thing, tlie paper 
is drawn under the fork, a wavy line is traced on the paper One 
wave-length of the curve is the listance the paper moves during 
one vibration of the fork. If then we know the velocity of the 
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paper we c<aii find the period and frequency of the fork by 
measuring the length of several waves. 

It is evident 
that the experi¬ 
ment could not be 
carried out conve- 

nientlv in this 

% 

simple form. A 
better form is 
shewn in Fig. 95. 

.1 is a evlin- 
drical drum cover¬ 
ed with smoked 
paper on winch 
the fork B traces 
a curve by means 
of an aluminium Fig. 95 

style. The (Irum is rotated by clockwork, and is mounted on 
an axis with a screw cut on it. By this means overlapping cf the 
various turns of the curve is prevented, since the drum travels 
endways as it rotates. C is the secondary of an induction coil, 
and has its ends connected to the fork and the drum respective¬ 
ly. The primary D of the same coil is connected to a battery 
E. and to a seconds pendulum F, The pendulum has below its 
bob a short platinum wire, which makes contact once a second 
with a mercury cup at G; and so allows a momentary current to 
pass through the primary. This gives rise to a momentary 
current of high electromotive force in the secondary circuit, and 
a spark passes from the style to the cylinder, making a mark on 
the paper. 

If the fork is vibrating and the cylinder rotating, we get a 
wavy curve, marked at intervals with spots which shew the ends 
of the seconds. It is only necessary then to count the number 
of waves in any interval of time measui-ed by the spots on the 
paper and divide by the number ot seconds to find the frequency 
of the fork. 

It will be seen that the result does not tlepend on the rate 
of revolution of the cylinder or on its regularity, but merely 
on the time of vibration of the pendulum. This pendulum 
is usually the pendulum of a good clock whose rate can be 
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<l(‘termined aoc-iirately by astronomical methods, and the method 
)s tlierefore capable of a Jiigli degree of accnracy. It is to be 
o )seryed liowever that tlie pitch determined is that of the fork 
''ith its style rubbing on the paper. The effect of the friction 
on tl)e pitch is small, l)iit it may introduce some slight error. 

233. Measurement of pitch by the Tonometer. AVe Jiave 
seen that, when tut) notes liave nearly the same jjiteh, tlie 
difference between their frequencies is equal to the number of 
beats per second, when the notes sound together. This fact was 
Used by Scheibler in devising ids Tonometer, which is very con¬ 
venient for determining frequencies quickly. 

The tonometer consists of a series of tuning forks extending 
over an octave, tlie interval between any two consecutive forks 
in tlie series being such that they give about four beats per 
second. It is found that the difference between the frequencies 
of two notes can in most cases be determined with the greatest 
4Kcuracy when tlie beats are about four per second. When they 
are more rapid than this, they are difficult to count, and when 
they are slower, the exact moment of maximum or minimum 
intensity is less definite. 

If we find by the method of beats the exact difference of 
frequency between each consecutive pair of forks over the whole 
octave, we can find the absolute frequency of any one of the 
forks. Let n be the frequency of the lowest fork, then that of 
tlie highest must be 2n, as the interval is an octave. Next 
.suppose that the number of beats between the first and second 
fork isa, that between the second and third is h, that betw-een 
the tliird and fourth is c. and soon. Then the vibration num¬ 
bers of the forks will ben,n+a, n-fa+6, 7i-fad-6 + c and so 

on, until we have for the highest fork -f-«-{-6-j-. -\.z. But 

we know' that this is 2n, and therefore n is the sum of all the 
beats throughout the series. Thus knowing n and all the terms 
«, 6, c, etc., we can find the frequency of every fork of the series. 

If now’ we wish to find the frequency of any other fork, 
wiiich falls w ithin the range of the tonometer, we have racrely 
to compare it with the tonometer forks until we find one w’ith 
which it beats, and by timing the beats find the difference 
between the frequencies of the two. This difference is then to 
be added to or subtracted from the known frequency of the 
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tonometer fork to <:ive that of the fork iintler investigation. In 
order to know whether we are to add or subtraet the difference 
we must know which of the forks is the liijiher. U hen two forks 
A and B beat slowly, the ear cannot <leeide wbicli i.s the higher 
in |)itcli A simple rnethocl of fiiulinj' which is tiie higher is as 
follows. Suppf>.<e the forks make four beats per second. Stick 
a verv small piece of wax on the pron^ of B. W’e know that 
this will flatten the fork. If we find that the beats are now 
slower than four per .second, we have made the diftcrence of 
pitch le.ss by llatteninn; B. and tiierefore /I was originally the 
sharper. If the beats are made quicker, Ji was the flatter of 
the two. (’are must be taken not to .stick too much wax on B. 
Snppo.s(‘. for instance, we put <»n enouiih to fiatteji B by ten 
vil r.itions a second, then ifwere orijrinally four vibrations 
dhovt’ A. we should flatten it to six vibrations hdoio A. Thus we 
(juieken the beats by addin" wax to B. and if we apply our 
rule, we sliall conclude erroneouslv that B was originally below' 
A. 


It i.s not necessary to flatten the fork by sticking wax oti 
it when using the t«)nometer. It is always po.ssible to find two 
consecutive fork.s of the tonometer witli eacfi of which the 
folk iimler inve.stigation makes less than four beats per secoiul, 
unless it happens to coincide exactly in pitch with one of the 
forks. It is clear that the fork under investigation must fall 
between these two tonometer forks in pitch. A determination 
of pitch by the tonometer is easily made, and takes little time, 
and the instrument is therefore much u.sed bv makers of seien- 

4 

tific apparatu.s, bell founders, and musical instrument makers. 


Apjiun constructed a tonometer in which the forks were 
replaced by Harmonium reeds. This form is more portable than 
Scheibler'.s. but it is les.s accurate, for the reeds influence each 
other to .some extent. A reed has not quite the same pitch 
when sounded with the reed below it in tlie series, as it has when 
sounded with that above it. 


234- Measurement of differences of frequency by 
Lissajous* Figures. The comparison of the frequencies of tw’o 
notes of nearly the same pitch is most easily made by counting 
the beats in a given time when the two notes are sounded to¬ 
gether. 
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A more accurate method dcpciid-s on tlie use of Li.ssajf)us’ 

cotuenientiy appitcahle to orizan 
pipes and the like, where air is the vil)rating nu'dium. It is 
most commojily used for comparisiir - the pitciies of tiining foiks. 
and it lias been used in tlie investii^ation of the vibrations of 
a st|•inL^ as will be seen in ('hapter X\’J. The airangement of 
the apparatus is as shewn in Fig. 17. but it is better To observe 
tlie figures w itli a telescope instead of tlirowinj; tlieni on a 
screen, as tin's allows a smaller source of lii'ht to^be used, and 
the Hirnres are thereby made sharper. The method has the 
advantage that it can be used, not only when the forks or other 
vibiatintr bodies aie nearly in unison with each other, but also 

nearly one of tlie consonant interval.s. 


Suppose the method is applicfl to two folks nearlv an 
octave apart : then ihe ligure varies from a parabola with its 
vertex in one direction, through a figure of S. to a jiaraliola 
with its vertex in the opposite direction, and the time in which 
the higher fork makes one vibration more or less than doulile 
the number made by the lower is the time taken for the figure 
to change from one parabola to the other and back again. Let 
us suppose that the cycle of changes is found to be completed 
ten times in half a minute, then, if the frecjuency of tlie lower 
fork is JOO, that of the upper must be either 15M) ()7 or 20')-,‘33 
for 10 cycles in 30 seconds means a gain or loss bv the liiLdier 
fork of one-third of a vibration per second. \Vc can liml 
whether we arc to take the higher or lower number by tlie same 
method as was used with beating forks. Stick a verv small 
jiiece of wax on the tipper fork. This flattens the fork, and if 
it makes the ehanges iu the Lis.sajous’ figures slower, the fork is 
too sharp, and viee versa. Lissajous’ figures arc specially useful 
in liming two forks aeeuratclj' to some interval such as tlie 
fourth or fifth, for even though tiie interval is so nearlv eorreet 
that the figure floes not complete its cycle of changes before the 
vibrations die away, it is easy to sec whether a change is taking 
place or not, when only a quarter or even less of tlie cycle can 
be observed whilst the vibrations continue. 


235. Number of waves required to give the sensation 
of pitch. We liave had ample evidence that we get a sensation 
of definite pitcli only when a series of vibrations reach the ear 
at regular intervals, but there is one question which has not 
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vet been answered. How many waves must reach tlie ear in 
hrdei- to define tlic pile It of a n(»te ^ If. for instance, five waves 
with a period «*f M)) see. reaeli tlie ear. shall we hear a note of 
lre(ineney H'd ; or 'h) we need oO, nr aOO ? 

'J’lie (piestion has been answered Ity Kolilrauseh by means 
of a very simple experiment. He Ji.\e<l below the bob of a 
penduluni a plate of metal itt the sliape of an arc of a cireie 
with several teeth on its lower edge. Below the pendulum he 
placed a eaid in .'•ueli a position that the teetli stniek its edge 
in turn, a.s the pendulum swung acro.ss it. He then allowed 
the pendulum to swing once across tlte card, and varied tlie 
numher of teeth to find tlie smallest number that would give a 
sensation of pitch. 

He arrived at the surprising result that two teeth enabled 
him to form a fairly good estimate of the pitch of the note. 
From two to ten teeth the accuracy of tlie estimate increased, 
but above ten there was little, if any, further increase of 
aeeuiacy. 

236. Measurement of the velocity of sound in the open 
air. We shall turn next to the methods that have been used 
for measuring the velocity of sound in air and other media. 

The earlier measurements of the velocity of sound in air 
were made by the direct method of observing the interval of 
time between the flash of a distant cannon and the arrival of 
the .sound. This method suffers from several disadvantages. 
The velocity of .sound depends on the temperature and humidity 
of the air, and on the wind ; and all these may vary in some 
u nknoun way between tlie cannon and the observer. 

Tlie effect of wind can be eliminated to a great extent by 
the method of rtc//»oc'j/Two ob.servers .-I and B are 
situated several miles apart, and each is provided with a cannon, 
and some means of measuring small intervals of time, such as 
a stopwatch or an electric chronograph. A fires his cannon, 
and B measures the time between the flash and the report. 
Then B fires his cannon, and A measures the interval between 
flash and report, and this operation is repeated a number of 
times at intervals of one or two minutes. The velocity calculat¬ 
ed from A's observations will generally be found to be different 
from that calculated from B's observations. Suppose the wind 
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is i)iouing from A to B, then tiie velocitv found bv B is tlie 
velocity of sound ill still air plus the velocity of the wind, anrl 
that found by .d is the velocity of souiul minus the velocity of 
the wind. The mean of the two therefore gi\es the velocitv of 
sound in still air. 


There still remain the temperature and JiunnVliiv of tlie 

air to be allowed for. These are observed at several point.s 

between the two observers, and correction made as e.xplained 
in Chapter \’. 

Anotlier source of error is wliat is called the Personal 
of the observer. It is impossible to record the time 
at the e.xact moment wlien the Hash is seen or the report lieard. 
The brain is a little late in realizing that the flash has occurred 
and the hand is .still later in making the record, if an electric 
recorder is u.sed. A skilled observer is always late bv about 
the .same amount, .so long as he is observing the .same class of 
event. The actual magnitude of the personal equation is of 
no great consequence, so long as it is constant, and its amount 
is known, for in that case a correction can be made. Instru¬ 
ments have been constructed specially for the purpose of testing 
the constancy and finding the amount of the error made in 
recording the time of the occurrence of such events as the 
seeing of a flash, the liearing of a sound, the feeling of a touch 
or of an electric shock. 


If the error were the same in recording the time of the 
flash of the cannon and the arrival of the sound, the interval 
between the two would be correct, and there would be no error 
in the velocity of .sound calculated from the observations, .so 
far as it is affected by personal equation. The error is, howe^•er, 
not generally the same for events of different .classes. There 
would be in most cases a greater delay in recording the sound 
than in recording the flash. 


Kegnault tried to eliminate the error by making the flash 
and the arrival of the sound record themselves. A wire cai-rying 
afi electric current was stretched across the muzzle of a gun. 
The explosion broke the wire, and the interruption of the 
current caused a mark to be made on a revolving drum. Tlio 
arrival of the sound at the observing station was recorded by 
means of a stretched membrane, which was pressed forward 
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hv the arriving' sound wave. The movement of the membrane 
l)i<ike a second electric circuit, and marie another mark on the 
revr)lvini: drum. Tf tlie rate of revolution of the drum is kno^vn, 
the distance hetwee-n the twr) marks gives the time taken by 
the snuiid in tiavellitni from the gun U) the ob.scrver. The effect 
of wind wa.s eliminated by firing from each eml alternately in 
tlie manner already describerl. Hegnault's method did not get 
lid of per.-o.ial ecjuatirm entirely, for the membrane liad a 
•• jierson d ’’ e(|uation. as it <lid not respoiul immediately to the 
arrival of tho soirntl-wavc. The method had 1 he arlvantnge of 
snhstitnting for a human rletav a mcelianieal delav. wliich 
might he exfieeted to he more regular. Kegnault made speeial 
( xpci'irneuts for finding the amount (»f the error, and applied a 
eorroetiori for it. 


.\.s the results of all his experiments in the open air. it 

appears I liat t he veloeity of sound in still <lry air at is 

aln)ut nu'tres peu’secoiul. but it is not independent of the 

iutensit v of the sound. A loud sound travels fn.stei- Ilian a 
% 

feeble sound. Ifegriault made experiments with the same gun 
over dilTeront flistances. and it a[)peared that as the distance 
grew greater and the snurul weaker, the velocity approached a 
limiting valiti' f>f about Ikdt) meti’cs per second. 


lb-avals and Mardin detenninerl the velocity of sound at 
high altitudes in the .Alps, and found the same value as at sea- 
level. d'heii- experiments ctmtirm tlie statement made in 
f'hapter \’ that the velocity (»f sound is independent <>f the 
pressure, for the atmospheric pressure at the altitudes at 
which their experiments were made is much lower than at 
soadevel. 

It may be mentione<l as an instance of the great distance 
sound can tra\el before being extinguisherl that the Krakatoa 
eruption in lS8:f i^ent out sound-waves which could be heard at 
di.stanoes of more than 200(1 miles. The great wave caused by 
the main explosion, which destroyed the mountain, could be 
traced b\- the records of barometers for about five days, during 
wliich time it travelled more tlian three times round the earth. 

Measurement of the velocity of sound in water. 

In 1823 Colladon and Sturm determined the velocity of sound 
in the water of Lake Geneva. The source of sound was a bell 
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placed below the surface of the water. The lever (hat struck 
the hell ignited a charge of gunpowder, and tlie Hash could be 
seen at the observing stii^ion. The moment of arrival of the 
sound was detected by means f>f a large ear trumpet, tfie small 
end of which was placed in the observer’s ear. 'J'Ik* large end 
was closcfl with a thin plate, and was ])laccd undei'water. 
Tlie velocity of sound in the water was found to he 1435 metres 
j)er second. 

Threlfall and Adair found that the velocity of .sound in 
water is very greatly affected by the intensity of the sound. 
The velocity of a loud souikI may be a.s much as 35 pel- cent 
greater than that of a feeble sound. 

238. Measurement of the velocity of sound in pipes. 

When sound travels through j)ipes, there is friction between 
the air and the pipe, and there is some slight tran.-sference of 
heat between the two. Both these eau.ses teml to lower the 
veloeity of the sound-waves, the reduetion of velocity heing 
greater the narrower the pipe, and the greater the wave-length 
of the sound. 

Helmholtz and KiroholT investigated the matter tiieoreti- 
(•ally, and both eainc to the conclu.sion lliat the diflerenee 
hetween the velocity of sound of fre(jueney A’in free air and 
the veloeity of the same .sound in a pipe of diameter r is in- 
\ersely proportional to r, and inversely pioportional to the 
square root of A’. 

Hcgnault made an extensive .series of observations of the 
velocity of sound in the newly laid water jiipes in Paris in 
1.S62. using such sources of sound as a pistol, an explosive 
mixture of gases, and various musical instruments. The method 
u.sed was similar to that employed in his open-air experiments 
already described. He founcl as before that the velocitv 

k « 

approaches a limit as the .sound grows fainter, and the limit is 
lower for narrow pipes than for wide ones. The limiting 
velocity 'vas the same for all the sources of sound. Some of 
the pipes had a diameter of Plm. and Begnault concluded 
that for these the walls of the pipes had ceased to have any 
effect. 

The limiting velocity of sound in these was tlierefore the 
same as in the open air, and was given by Regnault as 330'(> 
metres per second at O^C. 
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239. Measurement of the velocity of sound by Reso¬ 
nance- -Mativ indirect measurements oftlie velocity of sountl 
m”"pes have been made, use beinff ^lade of the properties of 
oraan-pipes describetl in Chapter X. 

The simplest of the imiireet methods depends on the 
measurement of the len-th of tube «l.ieh * 4 ives maximum 
res<mance with a fork of knoun fretpiency ». In-om the length 
of the tube we can Hnd A tlie wavedength ol the note, and then, 
from the ccjuation i'=uA, we find i. 

Tiie Resonance Tube is a jilain cylindrical tube of glass or 
metal containing a closely titting piston by which the length ot 
llie tidie can be varied. Instead of using a piston aa e maj 
immerse the tube to various depths in water ; or the lower end 
can be eonneoted with a vessel of water that can be raised or 
lowered, thus causing the waterdevel to rise or tall in the 
resonance tube. 


Suppose-the tube has been adjusted to the shortest length 
that gives resonance with the fork. The length of the tube 
plus the correction for the open end is now one quarter the 
wavedength of the note. Now lengthen the tube gradually. 
The resonance grows weaker until it almost disappears, and 
tlicn increases again to a second maximum. The length of 
the tube plus the correction is now three quarters of the 
\iavcdength. Subtracting the first measured length from the 
second we have the half vave-length free from the correction 
fertile open end, and so can calculate v from the formula 

method has already been described in Chapter X 
as employed by Blaikley for finding the correction for the open 
end. 


240- Measurement of the velocity of sound by Seebeck s 
Tube Seebeek’s Tube described in Chapter VII (Fig. 59) is in 
principle merelv a modification of the Resonance Tube. hen 
the side tube is at an antinode there is maximum motion but 
no variation of pressure at its inner end. Coiisequeirtly no 
waves are sent to the ear, and no sound is heard. The distance 
from the centre of the side tube to the piston is then either a 
quarter of a wavedength, or a quarter of a wavedength plus one 
or more half wave-lengths. The procedure is similar to that 
with the simple resonance tube, with the exception that the 
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points of silence are observed instead of tlie points of maximum 
sound and there is no coirection for tlie open end to be 
considered. 

n- 241. Measurement of the velocity of sound by Organ 
Pipes. Similar experiments have been made by J)ulon<r. 
Blaikley, and others with organ pipes of adjustable length. 
The pipe is tuned to a fork of known pitch by observation of 
the beut.s. It is then lengthened until it gives the same note 
in the next higher mode of vibration. The difiercnce between 
the two lengths is half a wave-length of the note of the fork. 

242. Kundt’s method of measuring the velocity of sound. 

Kundt devised an accurate method of comparing tlie velocities 
of .sound in different gases, or of comparing the velocities in the 
same gas in tubes of different diameters. 

The later form of his apparatus is shewn diagrammaticallv 
in Fig. 96. 



Fig. 96 

A and B are two glass tubes, each of which has an adjust¬ 
able piston at its outer end. The inner ends are closed by caps 
through which pass the ends of the glass rod or tube 0. The 
rod is so adjusted that one quarter of its length is inside each 
of the tubes, and its ends are provided witJi circular discs a 
little smaller than the bore of the tubes. 

As the rod is supported at the two nodes of its first over¬ 
tone, it gives out this oveiione, when rubbed lengthways near 
its middle with a piece of wet flannel. The discs on the ends 
of the rod communicate the vibrations to the air or other «ms 
in the tubes A and B, and the air or gas is set into a state^of 
stationary vibration. A little light powder, such as lycopodium 
po\\-der or prec/pitated silica, is spread along the tubes. Jf the 
vibration is maintained for a short time, the powder leaves the 
vibrating segments where the motion is greatest, and gathers 
in small heaps at the nodes. We are thus'able to measure the 
wave-lengths in the two tubes by measuring the distances be- 
tween the heaps of pow’der—any two adjoining heaps being Jialf 
a wave-length apart. The pitch of tlie note communicated to 
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are take., the temperature will be the same. 

The Zloeity in air being known that tn the 
Other gas can be calculated. 

The earlier form of Kundt’s apparatus had 3 
and tlie rod was held at its centre, so that it gave its 
tal note Dry air was first introduced and the figures mca.uret , 
•md then the gas was introduced and the figures measured 
again The objection to this form of the apparatus t^we 

cannot be certain that the note is of the same pitch " p 

cases, for a small change of temperature alters the pitch ot tne 
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roJ a])j)reciably, anil further, it is not so easy to secure tiiat the 
air anci tlie gas to be investigated are at the same temperature, 
as it is with the double-ended form of the apparatus. 


Kiimh’s a])paratus lias been u.sed by many investigators 
for finding the ratio of the specific iieats of a gas. The ratio 
is of imjiortniieo in Thermodynamics, and gives valuable in¬ 
formation about the constitution of the molecule.s of a gas. 


Wo saw in Chapter that the velocitv of sound in a gas 

is ^ . where p is the density of the gas at pressure p. 

>Snppose the air and the gas investigated have the same pressure 
and temperature. We can then omit the factor p and wc have 



where the sufiix 2 refers to the gas, and tlie suflix 1 to air, and 

are the wave-lengths. 

The gas need not be at the same pressure as the air when 
the experiment is made, for the velocity of sound in any one 
gas is the same at all pressures ; but the values of the densities 
used in the formula must be those for corresponding states of 
the air and the gas. They may for instance be the densities 
at temperature O'^C. and pressure 700 mm., as given in the usual 
books of tables. 

’^243. Absolute measurement of the intensity of Sound. 

Some simple and accurate method of mca.suring the amplitude 
of the vibrations of sound waves in air is much to be desired. 
Little lias been done in tliis direction uj) to the present, and 
only a brief outline of tJie methods that have been used need be 
given. 

*244. Rayleigh’s method. Lord Rayleigh lias formed 
an estimate in two \\ ays of the amplitude of the faintest sound 
that is audible. 


In the first experiment he u.sed a \\ histle as ins source of 
sound. Tile whistle was mounted on a bottle, and the pressure 
of the air in the bottle was kept constant. This pressure and 
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the volume of air passing thn.ugi. the ^vhistle per .^ceonfi Averc^ 

measured. The eiiergv used per second in blow ing the ^\lllstle 
could then he ealeulated. as it is equal to the volume ot an 
passing per second multiplied by the pressure exju-essed in 
!d>soh.te units. It was found that the sound wiis just < ud Me 
atadistaneeof.S20metresfrom the whistle. The bottle \n as 
on the ground in the centre of a large lawn ; therefore at a 
(liManeeofS2(Hnetresthe energy expemled on ihe uas 

distributed over a hemisplierc whose radius was 820 metres. 
Knowing the quantity of energy passing through each square 
centimetre of the hemisphere in the form of souiul, it is possible 
to calculate the amplitude of the air vibrations. The^amplitude 
thus calculated was found to be S-lxU) cm. The actual 
amplitude must have been less than this, for it was assumed 
in the calculations that all the energy spent on the whistle 
was converted into sound—an assumption that is not quite 
correct as Lord Rayleigh pointed out, for some of the energy 
is s{)ent in making eddies and in warming the air. 

In a secorul exjKTiment a tuning-fork and resonator were 
used as tlie source of sound, tlie rate of emission of energy for 
anv amplitude of vibration of the fork being calculated from 
the rate at which the amplitude died down. With the exception 
of the method of calculating the rate of emission of energy the 
pcinciiile was the same a^s in the former experiment. The 
amplitude of the air-waves when the sound was just audible 
was in this case found to be 12'7 X 10“* cm. 


It is interesting to note as an illustration of the sensitive¬ 
ness of the ear that 12-7 x K)-® cm. is not much more than one 
five-hundredth part of the wave-length of green light. 

Pellat lias calculated tliat. if the quantity of heat given up 
by one gramme of water in cooling through TC. were entirely 
converterl into electrical energy, and then were converted into 
sound bv a good telephone, the energy would be sufficient to 
prodiice^an audible sound for 10.00(1 years. Rayleigh finds that 
tlie stream of sound energy which is just able to affect tlie ear 
is of about the same order of magnitude as the stream of Hglit 
energy which will just affect the eye. 

*245. Tbpler and Boltzmann’s Method. Topler and 
Boltzmann used optical interference to find the amount of 
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condensation and rarefaction at a node in an organ pipe. Two 
opposite sides of the pipe were made of plates of glass, which 
projected above tlie closed upper end of tlie pipe. One of the 
two interfering beams of light passed through the plates of 
glass outside tlie pipe, and the other pa.ssed inside the pipe. 
The beams of light were brought together by a suitable optical 
method after passing the pipe, and formed a set of interference 
bands, whicli were observed with a telescope. If the air in 
the pipe is now compressed, its refractive index is raised, and 
the beam that passes through the pipe is retarded relatively to 
the other beam. Hence the in nference bands arc displaced, 
and from tlie amount of displacement the retardation of the 
beam and tlie increase in density of the air in the jiipe can be 
calculated, if the relation between the refractive index and 
the density is known. When the pipe is sounding, condensa¬ 
tions and rarefactions follow each other so rapidly that the 
consequent motion of the bands cannot be followed with the eye. 

To pier and Boltzmann used a stroboscopic method to make 
them visible. A tuning-fork of very nearly half the frequency 
of the pipe had a thin plate fixed to each prong, the plates 
being parallel to the plane of vibration and overlapping each 
other. In each plate was a slit parallel to the prongs of the 
fork, and so placefl that the slits coincided when the fork was 
i\t rest. Wlicn the fork was vibrating, light could pass through 
the two slits only when the prongs were passing through their 
equilibrium positions, that is, twice in each vibration. 

This fork was placed in such a position that the beam 
passing through the pipe could reach the telescope only by 
passing through the slits. If then both fork and pipe are 
vibrating, the beam reaches the telescope for a brief period 
twice in each vibration of the fork, or once in each vibration 
of the air in the pipe. If the pipe is exactly an octave above 
the fork, the vibration will always be in the same phase and 
the air will be in the same state of condensation, when the 
beam passes, and the interference bands will remain at rest 
with a displacement corresponding to that condensation. If 
however the ratio of the frequencies is not exactly 2 : 1, the 
relative phases will change slowly, and the bands will oscillate 
slowly from side to side. The maximum condensation or 
rarefaction can be calculated from the maximum displacement 
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of the banrls from their central position, and the law of* 
variation of the density with the time from the motion ot the 

bands. 

Tbplerand Boltzmann found that with a large pipe blown 
at a moderate pressure the variation from the mean density 
at the node amounted to-009 of an atmosphere, and that the 
variation followed the harmonic law. 

*246. Comparison of the intensities of two sounds. The 

comparison of the intensities of two sounds of the same pitch 
is a simpler problem. Two of the methods that have been used 
for this purpose will be described. 

Maver placed a resonator before each of the two sources of 
sound to be compared, and joined the resonators by an india* 
rubber tube with a manometric capsule near its middle point. 
With this arrangement there is more or less interference of 
the sounds reaciiing the capsule by the two paths. If the 
sources of sound are at the same distance from the resonators, 
are equally intense, and are in e.vactly opposite phase, and if 
the two tubes leading from the resonators to the capsule are 
of the same length, there will be complete interference at the 
capsule, and the flame will be at rest. The sounds will notin 
general be in opposite phase, therefore we compensate this by 
altering the length of one of the rubber tubes until the jumping 
of the flame is a minimum. The interference cannot be made 
complete by this proce^ss alone, unless the two trains of waves 
have the same amplitude at the capsule, and this will be the 
case only when the sources have the same intensity. If the 
sources have not tlie same intensity, the stronger of the two is 
now moved away from its resonator until the flame comes to 
rest, when the intensities of the sources will be proportional to 
the squares of their distances from the resonators. 

Lord Rayleigh has devised a method of comparing the 
intensities of sounds of the same pitch by making use of the 
hydrodynamical principle that a flat body held in a stream of 
fluid tends to set itself m ith its flat surface at right angles to 
the stream. An illustration of this principle is seen in the 
case where a light card is allowed to fall through the air. The 
card soon comes into a horizontal position. Here the card is 
moving and the air is at rest, but theforces tending to turn the 
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card are evidently the same as when the card is at rest and the 
air is moving. The experiment can be varied by hanging the 
card bv a string fastened to one corner, and holding it in a 
wind. ' The card will set its face to the wind. 

The result is the same when the stream of fluid is not cons¬ 
tant but alternating ; a surface oblique to the stream tends to 

set itself at riglit angles, whichever way the stream is flowing. 

In an or-an pipe we have an alternating current 
the antinodes, and a light disc placed at an ant.node will tend 

to set itself across the pipe. 

Rayleigh used as a resonator a clo sed pipe whose first over^ 

tone had the same pitch as the two / 

notes to be compared. When vibra- -^-- 

tioiis are set up in the pipe, there is A -O 

a node at one third of the length Fig. 97 

from the open end, and an antinode at one third of the 
length from the closed end. At R there is suspended a light 
disc with a magnet on its back, and the pipe is put in such a 
position relatively to the earth’s magnetic field, that the plane 
!,rthe disc make.s an angle of 45^ with the axis of the tube f 
now the air in the pipe is made to vibrate, the disc will turn, 
until the couple due to the alternating air currents is equal to 
the couple due to the displacement of the magnet from the 

meridian. 

The couple turning the disc from the meridian is proper- 
tional to the square of the mean velocity of the air, and there¬ 
fore is proportional to the intensity of the sound for notes of 

the same pitch. „ , ^ 

The two sounds to be compared are allowed to act 
separately on tlie resonator, and the respective deflexions o 
tlirdisc lire observed. The intensity of the vibration m the 

resonator is proportional to the intensity of the sound that 

cares it. and therefore the intensities of the two sounds are 
in the ratio of the tangents of the angle of deflexion. 




CHAPTER XIII 

THi: PHONOGRAPH, MICROPHONE. AND TELEPHONE 

247. The Phonograph. The Phonograpli was invented by 
Edison in 1877. It has been little altered from its original 
form, the general principle of the instrument remaining the 
same. 

Fig. 98 shews the essential parts in a diagrammatic form. 
A is a conical mouthpiece by wliich 
the sounds to be reproduced are eon- 
centrated on a diaphragm B. 

The diaj)hragm, which may be 
made of glass, metal, mica, or other 
material, has a sharp style fixed to 
the centre of its lower surface, the 
pointed end of the style pressing 
against a rotating cylinder of hard 
wax. The cylinder is rotated at a 
uniform rate by clockwork or other 
means, and is mounted on an axis on 
which a sc^c^^■ is cut, so that it moves 
along its axis as it rotates. By this 
means tlie trace made on the wax by 

tlie style is in the form of a helix from end to end of the evlin- 
dcr. 

In some forms of the phonograph the trace is made on 
a flat circular plate which revolves round its centre, and the 
recording point is moved gradually outwards from the centre as 
the plate rotates, so as to cut a spiral curve in the wax. 

The air-waves that enter the cone set the diaphragm in 
vibration, and the style cuts a furrow in the wax, the depth of 
tlie furrow varying from point to point in accordance with vary* 
ing displacement of the diaphragm. 

When the cutting of the furrow has been completed, the 
cone and diaphragm are raised and the cylinder returned to 
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its Starting point. The cone is then lowered again into its place, 
and the cvlinder set in rotation. The style rises and falls ns the 
depth of the groove varies, and makes the diaphragm repeat 
the vibrations it performed when the groove was being cut. 
The diaphragm communicates it.s vibrations to the air, and thus 

the features of the original sound are reproduced. In practice 
the cutting style is not used for reproducing the sound. It is 
so sharp that it will not rise and fall in the furrow, ami soon 
.lestrovs the trace. A style with a roumleil point is thereiore 
used to replace the cutting style, when the sound is to be repio- 

duced. 

The instrument copies the features of the original sound 
verv closely The voice of the speaker can be recognized, and 
the qualities of the notes of different musical instruments are 
easily distinguished. It fails to some extent when a sound is 
characterized by the presence of high harmonics tor the dia¬ 
phragm cannot'vibrato rapidly enough to record them on the 

cylinder. 

The Phonograph and its modifications the Gramophone, 
the Pathephone etc. are becoming of great value, not only for 
reproclucins music, but also for such purposes as teaching the 
prLuueiatin of foreign languages, and recording the speech ad 
music of savage tribes. A phonograph now forms part ol the 

outfit of every explorer. 

The pronunciation of the languages of civilized nations is 
ennsHntlv changing, and it has been suggested that records 
should l‘emade"L,^„'time to time, and preserved for tlie use o 
future philologists. A museum of such records has already biei 

established in Paris. 

If speech is to be reproduced at the same pitch as the orn 

ginal the cylinder must rotate at the same rate when the xecoid 
fsmade and when the speech is reproduced. If the cylinder is 

rotated more rapidly during reproduction the pitch is raised 
Not only does the pitch of the fundamental rise, but also the 
nitnh of all the harmonies, and therefore the harmonic relations 
Ke consS^ preserved, and the quality of the note i. 

unchanged.Tes^ of vowel theories by the Phonograph. 

seem^therefore that the phonograph provides a means of deci - 
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it»LM)et\\een tlie two rival theories as to the nature of vowel- 
sonmls. 

iSinji a vowel to a phonoirraph, and make a record in the 
usual way. Next ro[uoduce the sound, but gradually increase 
the rate of rotation of the cylinder. All the constituents of the 
note given out will lise in pitch at the same rate, and the in¬ 
tervals between them will remain constant. The variable pitch 
theory requires thi.s relation between the constituents of a vowel 
sound, when the pitch of the note on which the vowel is sung 
changes. If then this theory is true, the phonograph should 
give out the same vowel as was sung to it, at whatever rate the 
cylinder rotates. The fixerl pitch theory on the other hand 
requires tliat some one or more constituents shall remain fixed in 
pitch, and therefore, if the theory is true, the phonograph 
.should give out the original vowel only when the cylinder is 
rotated at the original rate. 

Experiments made to test this point have proved to be quite 
inconclusive. Some observers say that the vowel changes when 
the rate of rotation changes, whilst others say it does not. (See 
note on p. 164.) 

249. The Telephone. The Telephone has some features 
in common with the phonograph. The complete installation in 
its simplest form consists of two instruments, the transmitter 
and tlie receiver, connected by a pair of wires. In the transmit¬ 
ter the sound-waves cause vibrations in a flexible diaphragm as 
in the phonograph. These vibrations arc converted into electri¬ 
cal waves, which' travel to the receiver, and there produce 
vibrations in a second diaphragm, which in consequence gives 
out sound-waves similar to those entering the transmitter. 

250. The Bell Telephone. The first practical telephone 
was invented by Graham Bell, and with modifications in de¬ 
tails is still in use. The essential 
parts are she^^n in Fig. 99. 

i4 is a permanent magnet with 
one of its poles placed close to a 
thin iron diaphragm B. Round 
this pole are wound many turns of 
fine wire, and the two ends of the 
coil are joined to another similar 
instrument. 

Let us suppose the right-hand 
end of the magnet is the north pole, 9^ 
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and the cliRpht-afim has been removed, \^ehave now lines of 
ma<nietie force starting from the X. end. passing througli the 

air 1:0 the S. end, and tlien returning through tiie matoiial of the 
magnet to tlie N. end. 

Tlie coil r is placed close to the cal of the inagnct and 

brilarnp "l,e d^phrarm" we sLirihec H.l ' distribution of the 

from the sides of the magnet will now remain inside until tlie\ 
reach tt end. will there cross the air gap and run along the 
diaphragm for part of their paths. 

The result is that the coil now encloses more lines of 

tlvin before and the closer the diaphragm is to the pole of the 
than helo t, ti number of lines passing through 

magne,tlmg..ate..dlbe^l|e^n^ set viln-a/ing by sound 

waves! ihe"u,nher of lines passing through tire coil will rise an<l 
fall in <aecortlanee with the vibrations. 

When the number of lines of force through a circuit is 

**. ™ 11.0 11,™i* iiio 01*11 

the rate of chang „prent is different according as the 

and the Consequently the vibrations 

number IS >ocieas g e ■ currents in the coil, and 

mag'^rtlTa:. !.irec:'i::n; of the ?r.rronts will depend on 

the nature of the vibrations. 

We liave now to consider what happens when these cur¬ 
rents prodr.eed by the voice in the transmrtt.ng rnstrun.ent 
reach a similar receiving instrument. 

Tf n coil of wire is wound round a bar of iron and a current 

the coil the iron becomes magnetized, and 
is sent through Jjs floNving. The intensity of 

remains so as long strength of the current, 

the magnetotio^ is reversed if the current 

Lt “‘'if U.: hon permanent magnet, and the 
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current is feeMe, the mairnetiziii" effect of the current maj’ be 
iiisufticient to re\erse th.e niaLoiotization. In this case a current 
in one (liiecti<in will increase the intensity of magnetization and 
a current in the other direction \\ill diininisli it. This i.s what 
liappens in the receiving instrument. Tiie alternating currents 
jiroiluced by the transmitter cause corresponfling elianges in 
the strengtli of tlie magnet of the receiver. The diaphragm 
of the receiver, being made of iron, is drawn inwards by 
the magnet, and tlie extent to wliieh it i.s drawn inwaids de- 
jiends on tlie strengtli of tlie magnet ; ami this again on the 
strength and direction of the currents in the circuit. Thus 
we see that the vibrations of the receiver diaphragm will be 
controlled by those of the transmitter diaphragm, and the air 
vibrations near the transmitter will I>e reproduced in the air 
near the receiver. 

The Bell teleplione then will serve both as transmitter and 
receiver. It lias been superseded by other forms of transmitter, 
but with some alterations in form is in practically universal 
use as a receiver. The principal change is the substitution of 
a liorse shoe magnet for the bar magnet. In the receiver most 
commonly used in this country, the horse-shoe magnet has its 
two prongs parallel and close together. Each prong has a 
short soft iron armature attached, and a flat coil of many turns 
of tine wire is wound round each armature. The outer ends of 
the two armatures are side by side and close to the diaphragm. 
This telephone is the same in principle as the form we have 
<lcscribcd, but it is more effective in producing vibrations in 
its diaphragm, for, as the two poles of the magnet are near 
each otlier, the magnetic field in their neighbourhood is much 
stronger than when they are at opposite ends of a bar, 

A pair of such telephones can be used as transmitter and 
receiver only for short distances. The energy of the vibrations 
of the receiver disc is many thousand times *less than that of 
the transmitter disc, and if many miles of wire are included in 
tlie circuit, the currents are so much reduced by the added 
resistance, that the sounds become inaudible. Consequently a 
different principle has been adopted for the transmitter, in order 
that stronger currents can be used. 
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251 The Hughes Microphone- Almost all the transmit¬ 
ters in use at tlie present time are modifications ^^00^ 

microphone. This instrument is shewn m section in 100. 

A is a thin board, on which are 
fixed two blocks of carbon B and C. 

Each of these blocks has a conical 
hole borefl in one side. Resting loose¬ 
ly with its pointed ends in the two 
holes is a rorl of carbon D. Two bind¬ 
ing screws on the back of the board 
are connected each with one of the 
carbon blocks, and a battery and tele- 
phone in series are joined to the teinn- 
nals. Tho current then passes two 
points where the rod rests loosely 
acrainst a carbon block. The resustance 
of a point of contact between two 
carbon surfaces changes greatly, when 
the pressure between the two surfaces 
changes, and therefore, if the micro- 

^ 1 J I __1 






- 




D 


— 




Fif:. 100 


changes, and theretore, H of the rod on its supports 

pi,one is shaken, and the f [l p, p,.o,luced in the 

thereby altered, changes of intensiU I ^ 

electric current, and the telephone will g.^e out sounas. 

on the instrument is quite audible. 

^ « -r Such an instrument, 

T». *.n,. 

microphoriB through t dislatil tele- 

use the current from the y jiigher electromotive 

&,In the'primal! and is less weakened by being transmit¬ 
ted through great lengths of line wire. 
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The next improvement u;is to increase the number of points 
of contnot of the carbons, so as to reduce the resistance, and at 
tile same time to intensify tlie changes of resistance. In one 
tyt>c of transmitter this is done by using several carbon rods 
arranged in parallel so tliat tiie current i.s<Ii^ided amoiig.st them. 
The rods are attached to a thin piece of uood. wliich forms the 
side or top of a box. and tlie sound-waves cause vibrations in 
the wood and the attached carbon rods. 

'J'lie Ot)wer, Cro.ssley. and Ader Transmitters are instru¬ 
ments of this type. Sueli instruments liave been extensively 
used in the past, and are still used for .such purposes as trans¬ 
mitting niiisie from a eoneert room, but for 
onlinary purposes they are now almost 
entirelv sufier.seded by transmitters which 
make use of granular carbon for the vari¬ 
able contacts. 

253. The Granular Transmitter. 

The instrument shewn in Fig. lOl illus¬ 
trates the princij)le of the largely used 
granular transmitters. 

A wooden ease about 3 inches in dia¬ 
meter has in it a recess A. At the bottom 
of the recess i.s a thin carbon plate B con¬ 
nected with a binding screw at the back. Fig. loi 

In front of tlie recess is a diaphragm C 
made of jilatinum foil, and connected with the second binding 
screw at the back of the instrument. 



The space between tlie platinum and carbon plates is 
nearly filled with carbon ground to a rather coarse powder. 

The primary current of the induction coil passes through 
the granular carbon from the carbon plate to the platinum foil, 
and as there are a large number of points of contact between 
the grains, vibrations of the platinum plate caused by sound¬ 
waves give rise to large variations in the intensity of the 
current. Tlie seconflarj' current from the induction coil is 
carried by wires to the receiving instrument. 



CHAPTER XIV 
coxsoxaxcp: 

254. The Harmonic Series. In Chapter I we spoke of 
<erlain interval.s, the octave, tilth, fourth, etc., a.s being worthy 
of special names, the cliief reason for this preference being that 
tliev are pleasing to the ear and are easily reeogniy.ed. In 
f'hapter II these intervals were grouped together into the 
Harmonic Scries. At a later stage we found that the proper 

tones of stretched strings and of narrow organ pij)e.s form the 

same series. Finally we saw by Ohm’s Law that a simple 
harmonic vibration'is the proper unit to take in analysing 
complex notes, and bv Fourier’s Theorem that any complex 
note can be re.^olved into simple harmonic con.stituents that 
are members of the Harmonic Series. Thus it apix'ars that we 
have weighty reasons for regarding the series as ot fundamental 

importance. 

255. Consonant Intervals. The intervals Ijetwecn the 
lower members of the series have vibration ratios which cmi be 

exprcssedbvtheratiosofsmallintegcrs. and It is found that 

the smaller'the integers which express the vibration ratio the 
smoother and more pleasing is the corre.sponding interval to 

the ear. 

The octave is given by the vibration ratio 2:1, which 
involves smaller whole numbers than any other ratio except 
the unison 1 : 1. No other interval gives an effect approaching 
that of the octave in smoothness. It is in fact so smooth and 

free from character, that it is hardly regarrbd in music as a 
harmonv, but rather as doubling or intensifying he effect of 

either of the two notes which form the octave. The feeling of 
sameness is so great in tlie case of octaves, that though it is 
easy to decide whether tw'o notes arc or are not an exact 
number of octaves apart it is often difficult to decide how many 

octaves there are between them. 

The next interval in the series is the fifth 3 : 2. This again 
is a very good concord. It is smooth and pleasant to the ear, 
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but lucks the sensation of sameness that is felt with the octave. 

The sensation of smoothness "radually diminishes as we 
ilse in the series through the fourth, major third, minor third, 
etc., until, wlien ^\e reach tlic interval 9 • S, the effect becomes 


unpleasant. 

Helmholtz was the first to give a physical e.xplanation of 
the various degrees of consonance of the (lifferent intervals and 
the remainder of this chapter will be devoted to giving an 
outline of his theory. 

256. Effect of the beating of two pure tones. We must 
first consider tlie varying effect produced by the beating of two 
pure tones, when the interval between them is gradually 
widened, as Helmholtz's theory is to a great e.xtent based on 
this effect. 


Take two tuning-forks of the same pitch mounted on 
rc.sonance boxes, and lower the pitch of one of them by sticking 
a little wax on its prongs, so that when the two forks are 
sounded together, beats are produced. If there are not more 
than three or four beats a second the effect is not unpleasant. 
A similar tremulous sound is produced intentionally by singers, 
and is imitated in certain stops of the organ and harmonium. 
If the lower fork is weighted still more, the beats become more 
rapid, and begin to be disagreeable, and the unpleasantness 
increases with the rapidity of the beats up to a certain maximum. 
As the rapidity increases beyond that corresponding to the 
maximum of roughness, the beats become less easily' distinguish¬ 
able, and the disagreeable effect diminishes, until, when the 
beats are so rapid tliat the ear no longer hears the alternations 
in intensity, no roughness is left. 

We have an analogous case in the effect of a flickering 
light on the eye. If the rise and fall of intensity is slow, it is 
not unpleasant, and if it is very rapid, it is not detected at all. 
There is an intermediate rate tliat is very unpleasant and 
fatiguing to the eye. An effect of this kind is often experienced 
when watching an inferior Kinematograph exhibition. If 
the successive pictures do not follow each other quickly enough 
on the screen, the flicker soon fatigues the eye. 


It will not be possible b}’’ merely sticking wax on the 
prongs of the fork to get a sufficient range of alteration of pitch 
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to shew the whole variation of roughness from unison through 
tL maximum of roughness to the stage at which the beats 

frU‘'en,[rt\eSmvens®the'stm better mctl.ocl of 

luKl lowerin'. tL them by graclually covering 

tlie open end. A wide range of tuning is possible m this 

ImlTe iiXrval between the pipes can be made so great that 
tlie roughness disappears. 

9^1 Rate of beating which gives the worst dissonance- 

trehStz and others have made experiments to find at \\ hat 

rapidity of the beats the roughness reaches a maximum, and < 
what rapidity it disappears again. . , , 

The result is not the same at all parts of the musical scale. 

V nr the middle of the pianoforte scale the dissonance reaches 

^earthenlU 1 second, and disappears at 

correspond to intervals of 

•‘bmd a semitone and a minor third respectively 

xj- I T- Jn the scale the number of beats that ^.I'es 
maxSTdis^i^e^-eases, tii^h n^ 

the tlietvorst number of beats 

diminishes, bimilaiit lor .,i arp;itpi- than a semi- 

is less tlian 32, ami the worst '"‘'i;'-'^ ® harmonium two 
tone, Sound together ‘ ?,\e bottom of the 

notes a semitone ap.yt. I unpleasant-not nearly so 

the scale the effect is not P position. In the 

bad, for instance, as a "'X ' rexcecdin»^^ unpleasant. Near 
middle of the scale a sem ^^^^ but not so unpleasant 

the top of the scale it is the worst interval 

as near the middle. A P jj^g^j-m^ont used made it 

^ossible‘l'rsou,,r";et her here two notes a quarter of a tone 
•inart their effect would be much worse. 

Over several octaves near the^midrUe^of the scale the m^t 

l"ttobe’:^eU“one" that follows; remembering 
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however that there is some roughness up to an interval of a 
tone or more. 

258- Beats due to difference tones. Wlicn the interval 
between tw(» ixirv tones sounde'l togetlier is increased beyond 
the interval at which the roughness disappears, the beats 
formed in the way we have just described continue to get more 
rapid, and the jarring effect does not reappear. Faint beats 
are heard when the two notes are nearly a fifth or nearly an 
octave apart, but these are caused by the combination tones. 
Let us suppose the frec|uencics of the two notes are 400 and 
Ty.'). the interval beine thus a little Je.ss than an octave, The 
first Difference Tone has a frequency 79.3-400 or 395 and 
tlierefore makes 5 beats a second witli the lower primary. If 
two forks making an interval of a mistimed octave are placc‘d 
close together and made to give out loud notes, the beats can 
be heard plainly. 

The beats of a ini.stuned fifth arc much fainter, as they are 
dependent on a second Difference Tone. Suppose the two 
forks have frequencies 400 and 598, so that the higher is 2 
vibration.s a second too low to form a perfect fiftli The first 
Difference Tone lias a frequency 598 — 400=198. Tliere are 
two second Difference Tones of frequencies .398 —lOSand 
400 —198 respectively. The former coincides with the lower 
])iimary ; the latter beats 4 times a second with the first 
Difference Tone. Second Difference Tones are always faint 
and tlierefore the beats are very feeble. 

259. Helmholtz’s Theory of Consonance. Helmholtz’s 
Theory of tlic physical basis of consonance and tlissonniice 
ascribes all dissonance to the roughness caused bv beats. 
According to this theory tlie chord formed by two or moi*e 
notes sounded together is the more consonant, the more free 
it is from beats of such a rapidity as causes roughness. 

Applying the theory to the ease already discussed—that of 
cliords formed by two pure tones—we may say that from 
unison to a major third there is a varying amount of dissonance, 
the maximum dissonance being at the interval of a semitone 
lor chords near the middle of the pianoforte scale. As the 
interval between the two notes is increased beyond a major 
thiid, the dissonance does not reappear, except very faintly 
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near tlie fifth, and someuhat more perceplibly near tlie 

in tlK- notes of tlie llutc tlie oetave is quite pereeptlliU. 

fviieii 11 eiioni is .,riu.i fro.ju- iniu.^ 

bu,;;;;;:“t'".lsi,ie a,,pioxiniatioii of the haimonics 

of tlie various notes to each othei. 

When Ivirmonics are present, a single eomplcx note ma\ 
Inve n e t dissonanee. The harmonies arc 

Si=;:-v v"P"f «= 

beating distance of each \ -,7 or less harsh. 

Uirtlii. ’pio.niiieiiee of '-J'":;;;:::?, 7 e^^boii: 

rough and penetrating quality to the notes oi in 

and harmonies fall off so rapidly 

as lie rise in the scries, t at, it is ' ' ' too weak 

of ilissonance to iltriorc all above the siMli. as lit in, 

to liave any appreeialile effect. 

In the course of the iliscussion wo shall liavc to 

of the fact -|;”t?“T;,LT‘:;r"brrit,n^ others, such as 

open pipes, ha\e tlie lull bu . ,„p,„her.s When two notes 

stopped p.pes >ave «'0 ^^^.^^^^truments. one from cacli class, 
"rnoj ldtl^l .Setter of indiffrrence which instrument plays 

*260 Analysis of the consonant intervals. We shall first 
ZbU- Analysis oi more usual musical 

Sir 'cri-it ~— 
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B aiul c. a semitone apart, arc to be sounded together. The 
two series oi harmonics are as in Fig. 102 uik! it is seen that 
eaclj har’monic of B is a semitone from the corresponding har¬ 
monic of r. and therefore tfie rongliness is made greater by the 
presence of the harnumics. 



Fig. 102 Fig. 103 

Fig. 103 gives the scheme of harmonics for the Octave. In 
this case tlie upj)er note introduces no harmonics that were not 
already present in tlie lower, and so no roughness is produced. 
The consonance of the octave is perfect. 

Next take the Fifth (Fig. 104). Here the consonance is 
not (juite so good, for tlie 3rd harmonic of the higher note is 
witliin a tone of the 4tli and 5th harmonics of the lower. This 
does not introrluce much roughness, for the 4th and 5th 
harmonies arc not generally very strong ; and a tone is greater 
than the interval wliieh gives maximum roughness. Hence the 
Fittli. thougli not perfect, is a good concord. 



Fig. 104 Fig. 105 


The Fourth (Fig. 105) is distinctly worse than the Fifth. 
The clashing of two harmonics a tone apart is lower in the 
series than was tlie case with a Fifth, and is therefore more 
conspicuous and we have also the 5th harmonic of the lower 
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note making the bad interval of a semitone witl. the 4th of tlie 
upper. 

The \Iaior Third (Fig. 106) is still worse. We have now two 
intervals of I semitone mclude<l in our range of 6 harmonics. 

The Minor Third (Fig. 107) is much the same as the 
Major Tliird. The -1th harmonic of the lower note is a tone 

distant from the 3rd of the upper. ''rsf o7?he‘Maio^ 
corresponding position was a semitone in the case of 

Wild but on !he other hand the semitone between i and t \> 

is a step lower in the series. \Ve shall see presently tliat the 

difference between the characters of the Major 

is lar-'ely dependent on <he existence ot Difierential louts. 





Fig. 107 


It is not necessary to examine in this 
intervals used in music, as stuclcnt shouh find ^ ddbu.lty 

c.;<^ for himself, but a few cases of special intere.st will be added 
to tliose given above. 

9R Effect of widening an interval by an octave- The 

consonance of an interval does not generally 

when tliat interval is increased by an octave. Let us compare. 

for instance, a B'ifth with a Twelfth, 

Tri„ 108 Ldves the harmonies for a Twelfth, and it will he 

Pig. 1U» g>'CS vne Ijaii f . nc there is no clashing 

ota^y mterval 
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formed by the lowest and any other member of the harmonic 
series must also be perteet. 



Fig. 108 



Take next tlie Minor Tentli for comparison with tlio Elinor 
Tliird. Referritij; to Fig. 107 we see tljat the di.s.sonance lias 
iieen somewhat increased by wirlening the interval. In the 
ease oi the Minor 'renth the 2nfl harmonic r)f the higher note 
i.s witliin a semitone of the oth of the lower note, whereas in 
the ease <)f the ^liiuu’ Third it was tlie 4th of the higher which 
formed a .semitone with tlie bth of the lower. The 2nd liarnio- 
nic is generally stronger tlian the 4th, and the inereased rough¬ 
ness due to this has more efieet than the gain in smoothness 
arising from tlie absence from the Tenth of the tone interval 
fount! in the Third. 

It will be found that most intervals change in consonance 

an octave, some becoming more smooth and 
others les.s smooth. Helmholtz makes the general statement 
that if the smaller mimber is oven, when the vibration ratio 
of an interval is expressed by the smallest possible integers, 
the consonance will be improved by widening the interval by 
an octave, and if the smaller number is odd, the consonance 
will be made worse. The Fifth wliose ratio is 2 : 3 belongs to 
the first class, and the Minor Third whose ratio is 5 : 6 belongs 
to the second. Helmholtz s rule is merely an extension of the 
general statement made earlier in this chapter that the smaller 
the integers expressing the vibration ratio, the smoother is 
the interval. Suppose we widen the interval by putting the 
loner note down an octave. If its number was originally 
e\en, no fractions are introduced by halving it, and one of the 
integers expressing the new xibration ratio is smaller than 
before whilst the other is unchanged. If the lower number 
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is odd. both numbers expressing the vibration ratio must be 
doubled before we can halve t!ie lower witlumt introducing a 
fraction. Thus in this case the lower integer remains unchanged 
and the liiglier is tloubled. 

262. Consonance of an interval formed by two notes 
which have not both the full series of harmonics. All the 

conclusions come to in 2m) and rest on the assumptions 

(1) that each of the notes has the full senes ot harmonies, and 

(2) that the harmonies above the sixth are so weak as to be 
necdigible If these eomlitions are not satisfied the results ma\ 
be^ditferent. If for instance the notes are sounded on two 
stopped pipes, which have only the odd harmoines. the conso¬ 
nance is generally better than when the full senes is present. 
The student can easily verify this for himself. 

Ifoneof the notes has the full series, and the other has 
onlv the o<hi memhers. there may he a difference m 
accoiding to which of the notes is the highei. \\cMiIl^i\c 
one instiuiec of such a difference. The hautboy has a co.uca 

tube and gives the full series of harmonies, whilst the t'anmt 
has a cylindrical tube, and gives only the odd membeis of the 
scries. ‘ Suppose the two instruments play two notes making an 
interval of a Major Third, fir-st with the hautboy abo\e the 
clarinet and secondly with the positions reversed. 

Fig. 110 shews the two cases, and it is clear tliat tiici^o is 

a great difference in consonance. 

When the hautboy takes the higher 
note there is no clashing within 
the first six luirmonies, whilst when 
tlie clarinet is above the liautboy, 
there arc two paii-s of notes making 
tiie interval of a semitone. 

The student may test his 
knowledge of the method by 
finding the best position for the 



Cl 


Cl 


H H 

.Tstu'Lnis Xn tir'inTen-a'l'is “rfourth. He "^iirfind that 
in this c.ase the clarinet sliould play the uppei note. 

The effect is not so striking in practice as 
from what has been said, for in the case of the e.arinet, an,. 
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more of the hautboy, the higher harinonics are so strong, 
tliat tliose above tlie sixth cannot be ignored. 

263. Effect of combination tones formed by the harmoics. 

The harmonics of two notes will, if j)owerful enough, generate 
Combination Tones with each other, and it might be thought 
tliat this wouhl introduce new tones, and so modify the con- 
< lusions. The harmonics are generally too weak to generate 
any but the hi-st Ditference Tones, and even these are not 
slrouL' enough to have much practical effect on the consonance. 
Helmholtz lia.s .shewn, moreover, that, when the full series of 
harmonics i.s jire.sent, the first Difference Tones cannot generate 
heats, exeept wlien beats of the same frequency are already 
pre.sent from the clashing of the harmonics themselves, and 
therefore there can only be a sliglit increase in the strength of 
the heats. If however both notes contain only the odd harmonics, 
tlie Difference Tones may introduce the even terms, and so 
have some slight effect on the consonance. 

We are for the present not taking account of the Difference 
Tones pro(Iuce«l hv the fundamentals. We shall see later that 
they have some effect in modifying the character of a con¬ 
sonance, thoui-di thev may not cause beats. 


264. Consonant Triads. The intervals less than an 
o( ta\c wlueii are admitted as consonant in music are the 
following :— 

Interval \’ibration Ratio 


Fifth 3 : 2 

Fourth 4 ; 3 

Major Third 5 : 4 

Minor Third 0 : 5 

^lajor Sixth o : 3 

Minor 8:5 


Let us see how we can add these intervals in pairsrso as 
to give cliords of tliree notes, eacli of whicli forms a consonant 
interval witli both the others, and such that the interval 
between the highest and the lowest notes of the chord is less 
tlian an octave. Such a chord is called a Consonant Triad. 

Take, for instance, two notes which we may call p and q, 
making one of the consonant intervals with each other, and 
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a third note r, making one of the consonant ^ 

beinti the lowest and r the highest in pitch of the thiee. e 

have then a chord of three notes p 7 , ! , 

„ to r are consonant intervals. It it prove that p to r is also 

consonant, and less than an octave, the three notes form a 
Consonant Triad. 

Wc can make the following table giving all the pairs ot 
consonant intervals whose sums are les.s than an octave . 

, . S 0 4S 

1 Minor Sixth + Minor Third gives . x - —05 


3 5 1.') 


2 Fifth 

-{-Major Third ,, 

2 ^ 4 8 

3 Fifth 

-{Minor ,, >• 

3 6 9 

2^5 0 

4 Fourth 

-(-Fourth »i 

1 

4 4 Ifi 

3 ^ 3 “ 9 

5 

•f Major Third 

455 

3 ^ 4 " 3 

6 

-pMinor ,, 

11 

X 



5 5 25 

7 Major Third + Major Third 

4^4 ""IG 

8 

-f Minor ,, ». 

5 (i 3 

4 ^ 5 2 

9 Minor 

,, + >» >» ” 

6 6 3G 

5^5 “25 


\Vp find that only three of the resulting intervals are eon- 
sonant, the oVth'^e'^^’linatlons 

Zrth Z": ;’’M:^rr'Tliird. We have then the following 

chords. jjajorThird above 

Fourth .. Major Third 

Minor Third „ Fourth- 
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CONSONANCE 


Fourth above Minor Tliird 
MifKU- Tliird i\Iajor 

Major Minor .. 

265. Derivation of the Consonant Triads from two fun- 
damental forms. In musical notation the triads can be written 
as follows : 


'Du'se are the only group.s 1 o 

of three iKite.s within the corn- 
jiass of'an octave that form con¬ 
sonant inteiwals with each othei’. 

'r}ie\’ can of course be transpo.sed 
into any other key. W'c are con- 

cernc'I hereonlv with the relations whicli the notes in anv triad 

• ^ 

hear to (‘aeli other. 

The first four of the triads can be derived from the 5th and 
(>tli in a simple way. Raise the lowest note of 5 an octave and 



\se get 




Fourth above a Minor Tliird. 


the same as 4, since it is a 
Now rai.se the lowest note of this 


triail an octave, and we 



57 — 

which is the same 


as 1. 


Similarly raising the lowest note of 6 an octave gives 2, and 
again raising the lowest note we get 3. 

Hence we may write the Triads in two groups in accordance 
with this method of derivation. 


The two groups are termed Major and Minor Triads res¬ 
pectively, because in the first or fundamental form of the fii'st 
group we have a Major Third between the two lowest notes, 
whilst in the second group we have a Minor Third. 

In each group 
the first chord is 
called the Com¬ 
mon Chord—Ma¬ 
jor or Minor as 



Fig. 119 
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the case may be—of the lowest note of the eliorcl The second 
chord in each group is called tlie First Inversion of the Common 
Chord and the third is called the Second Inversion. 


266. Consonance of the 
triads. The con.sonances of 
these chords can be inves-it 
«atcd in the same way as the 
chords of two notes. It is 
found that the Second Inver¬ 
sion of the Major Triad is tlie 
smoothest, and the Second 
Inversion of the Minor Triad 



Fig. 113 

The scheme for these is given 


is tlie roughest oi the six chords. 

in Fig. 113. , i 

The difference between 

There are only two semitone second group con- 

the.se are fairly high in the series, \\ u ^ j other 

tains five. The student should f 
four triads in the same way without difficulty 

We can estimate the 

simply by considering what choids oi i; regard to 

^nd making use of what has been found earliei ^^.tll reg 

the consonance of chords of two notes. Third 

The first Triad of Fi, 111 oo-dains a Fourth. 
and a Major Sixth ; the third tlie two, the 

and a Minor Sixth. The Founh Minor Third in 

Major Third is not L,iv worse than the 

smoothness, but the ' ^is worse than the 

Major Sixtli, and therefore the third group IS^^o^se 

If we estimate the consonance of the 
theJIajorand Minor ^nafltfi>s jvny, a Minor Third 

between them, for each ^oJitains . ^ ‘ Mi„or Triad is less 

harmonious than the j^ifference Tones formed by 

difference m harmoniousness the Diticren 

tlie tliree fundamentals of each triad taken m 

Fig. 114 shews the positions of the F‘rst Merenoe^Tone 
for eact of the six chords. The chords shot 

*s” 
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aiu] tlio (lifTeretK-e tones in Crotchets. A difference tone written 
^\■ith tu'o tails can be obtained in two ways. Tlius, for instance. 




Fig. 114 


tlie relative frequencies of the three notes in the first chord are 
4 • 5 : t). Tlie difference tone of the two lowest notes has a 
frequency 5-4. and that of the two upper notes has a frequency 
(5 — 5. the two Difference Tones therefore coincide at a fre¬ 
quency], which is two octaves below the lowest note of the 
triad.' The hijihest and lowest notes of this first chord give a 
difiVrence tone of frequency 6 — 4. which is one octave below the 
lowest note of the chord. The difference tones of the remaining 
five eliords are easily obtained in a similar way. 

The difference tones of the Major Triads introduce no notes 
extraneous to the chords. They merely double in a different 
octave notes alrearly present. The difference tones of the Minor 
Triads are, it is true, not within beating distance of each other 
or of the notes of the chords, but some of them fall quite out¬ 
side the harmony. Tlicy are not strong enougli to give the 
cliaracter of dissonance, but they disturb tlie iiarmoniousness of 
the chords, and give the Minor Triad its peculiar veiled and 
mysterious effect. 

In former times it was not uncommon to use a major chord 
as the concluding chord of a composition, that was elsewhere in 
the minor key. This is not often done now. It was no doubt 
due to musicians of past times regarding the Minor Triad as 
liardly deserving tlie name of a consonance, and as not being 
sufficiently satisfying to tlie ear to be M'orthy to take its place as 
tlie final chord. 

It should be reiterated that these conclusions are true only 
of just intonation. When, as is more usual, tempered intonation 
is used, the difference between the major and minor chords is to 
a great extent obscured by other causes due to the mistuning of 
the intervals. 



CHAPTEK XV 

definitiox of intervae^- scales, temperament 
267. Definition of intervals- Wo mu.t now return to 

chords of two notes, ami find to wliat o.Ktont an uiten.d ma\ 

be mistuned witliout introducing unpleasant elements into 
the concord. In all sv.stcms of Temperament some of the 
intervals arc a little out of tune, and it is important, \ihen 
devising such a .sv.stem, to know winch intervals must be 
corroctl..- nearly «... if <lis«<...ance i« to be ."oaKI ‘'"'I "^j 

intervals can bo modified witliout .serious dl-elTeet. Wo sha! 
find that in most eases beats are produeed when an mtei \ al 
is a little out of tune, and the stronger these heats arc, the 

more aeourately must the interval be tune. . 

whicli the heats due to mistumng arc strong is said to 
.sharply defined. 

268- Definition of intervals formed by pure tones. The 

beatsofmistuning generally arise from the harmonies, but m 

some cases they arc caused by combination tones. In the case 
of nnre tones there are no harmonies above the iirst, an. tl.ere- 
fore such definition as exists must arise trom the combination 
tones Wc have alrcafly seen, when discussing the consonance 
orintervals formed by pure tones, that, as the interval is 
gradually increased, we have first powerful beats due t 
tinmfeJt unison. These beats get more rapid, untd a an 

dyerence tone, they are very fai.tt, an.l therefore the defin.t.o.t 
of the interval is slight. 

Near an Octave the beats are stronger, for flip' 
the proximity of tl.e first difference tone to the lower of 
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two piiniarios. The Octave then is fairly well defincfl, even 
lien the notes are pni’C t<jncs. It is easy to afljust tlie interval 
hetweon two tuning-forks on resf>nanee boxes to an exact octave 
b\' laisinji (jr lowering the pitcli of one of tlieni until the beats 
<lisiippeaf. It is rliflicult to tune a Fifth in this May, as the 
heats are too fahit. 


I'he rernainiin: consonant intervals of pure tones witliin 
an oc tave tiive no peri-cptibic' beats when inistuned, and there¬ 
fore cannot bc' said to l)e didined at all. 

269- Definition of intervals formed by complex notes. 

We turn ne.xt to the intervals formed f)V notes liavin" the full 
ser ies of liarnionics, and limit ourselves as before to the first 
.‘<ix harmonics. 


It is seen in Fi^. that, when the two notes make a 
true Octave, every harmonic of the upper note coincides M'ith 
a liai inonic of tlie lower'. In particular, the lowest harmonic 
or funduincntal of the upper note coincides with the 2nd 
liarinoiiie of the lower note. The.se are generally very strong, 
and tlrerefore. if one of tlic notes i.s {)nt a little out of tune, 
jioucrful l)eats will be heard. 

Tlic Octave is in fact .so sharply defined that it is not 
possible to put it out of tune to the slightest extent M'ithout 
causing consjricuuus beats. Consec|ucntly, in any system of 
tuning all Octaves must be true. Tbe Fifth (Fig. 104) is also 
well defined, though not so well as the Octave, The 2nd 
harmonic of the higher note coincides with the 3rd of the 
lower', and these beat if the interval is not exactly in tune. 
The beats are ea.sily heard, and the interval can be accurately 
tuned by making tise of them. They are not hoM'cver strong 
enough to be very obtrusive, and if the mistuning is slight, so 
that they are^sloM'. they do not have any serious effect on the 
consonance. In the modern system of tuning keyed instru¬ 
ments all the Fifths are very slightly flatter than the true 

Fifth. 

(Fig. 105) is still less sharply <lefined than 
the hitth, as the harmonies which coincide are now the 3rd 
of one series and the 4th of the other. 

In the case of the Major and Minor Thirds and Sixths the 

jntervals are very weakly defined, as the lowest coincidincr 
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harmonics are too liijrh in tlie series to be of much con¬ 
sequence. These intervals can be mi.stuned to a considerable 
e.Ktent without suffering mucli in consonance, and on modern 
instruments the\; do in fact differ appreciably from the true 
interval.s. 


We .see tlien tliat not only does tJie quality of a note 
<lepend on the prc.sence of its harmonics, but also that the 
precision with which intervals must be tuned to avoid beats 
<lepends on these harmonies. 

270. Tonic relationship. Modern music depends largely 
for its effect on the relation of the various notes to some one 
note whieli is called the Towic. The tonic is wliat one might 
term the centre of gravity of the music. After a few notes of 
a melody have been sung, or still more noticeably after a few 
chords of liarmcmy have been played, one feels that the music 
centres round some tonic. 'I lie melody usually come.s to an 
end on the tonic, and the last cliord is almost invariably a 
major or minor chord with the tonic as its lowest note. I his 
is so very commonlv the ease, that one is harrlly ever led astray 
by taking the last note of the bass as the tonic of the piece. 
The close is more marked and feels more restful when both the 
melody and the bass part end on the tonic. If the composer 
adopts some other ending, it may generally be taken to be due 
to Ids wishim^ to secure a less restful finish. A melody some¬ 
times ends on the third or fifth above the tonic, and the 
peculiar effect of such an ending accentuates the feeling of tonic 
relationship. Since then the tonic relationship occupies .such a 
prominent place in modern music, it may be anticipated that 
anything which weakens one’s appreciation ot intervals \\ill 
detract from the effect of the music. This is the case when 
pure tones are used. The tonic is identified by the intervals 

between it and the other notes of the scale and the apprccui- 

tion of these intervals is less precise when the higher liarmonics 


are weak or absent. 

There is an instrument called tlie Ocarina wliich produces 
notes exceptionally free from harmonics. Anyone wlio, like 
the writer, lias had tlie opportunity of hearing a quartet ot 
four Ocarinas, will understand wliy such instruments are not 
used in the orchestra. The general effect is soft and smooth 
and for a short time is pleasant, but it very soon becomes 
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monotonous. The harmony is (inite colourless, and does not 
seem to he made much woi’se when, as is often the case, the 
notes are out of tune. A .similar elfeet is noticed when a hymn 
tune is {)laved on the orj/an on some stop such as a {^topped 
Diapason, which gives notes that are nearly pure tones. The 
music sounds woolly and imlefinite, not .so much from the 
special quality of the note.s, as from a feeling of want ot 
deliniteness in the intervals. 


In the Mixture Stops of an organ each note has one or more 
additional pipes, which are tuned to the octave, twelfth, etc. 
of the note. Such a stop cannot well be used alone, but is 
most useful with the Full Organ, and especially in accompany¬ 
ing congregational .singing, for by strengthening some of the 
harmonics it accentuates the relationships of the notes to 
each other, and makes it easier for the singers to keep in 
tune. 


271- Advantages of the diatonic scale. In Chapter I 
wc described the musical scale known as the True or Diatonic 
Seale, and gave the vibration ratios for the intervals included 
in the scale. This scale, or a scale approximating to it, has 
been in u.^ie amongst European nations for many centuries, 
and its origin is unknosvn. We have seen that the intervals 
which are found in the scale can be obtained bv the subdivision 
of a string, and it is possible that the scale took its rise from 
this fact, for the ancients were acquainted with the natural 
tones of vibrating strings. Whatever may have been its origin, 
the scale has survived to the present day, and there can be no 
doubt that the reason for its survival is that no other scale is 
so well fitted to provide harmonious combinations. 

The following method of deriving the scale by combining 
the most consonant intervals shews its advantages from the 
point of view of harmony, but it is not suggested that it took 
its rise from any such considerations. 

Suppose we wish to build up the scale on the note C. Add 
to C the notes which make the best consonances with it, name¬ 
ly, the Fourth, the Fifth, and the Octave, and call these F, G 
and c respectively. We have now the following notes in ascend- 
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inif order of pitch ; 

C 
I 

If tlic frecpioncy of the lowest note is taken as unity, the 
fi‘e<iucncie.s of the otlier notes will be given by the numbers 
})lacef! below tliein. 

W’e saw that tlie best combination of three notes is the 
Major Triad. J.et us then jilaee a ]\Iajor Triad on each of the 
notes C. F and G. and sec wliat new notes are introdueetl. It 
<ioes not matter w hieji form of tlie !Major Triad we use. Tlie 
2 'e.sult will l)e tlie same w hctlier we use the fundamental form or 
eitlier of its inversions. Taking the fundamental form, and re¬ 
membering tliat tlie frequeneies of tlie three notes are in the 
ratio of 4 : 5 ; G. we get for the triad on C the frequencies 1, 

,5 4 and 3 2. For the triad on F we get 4 3, 5,3 and 2, and for 

the triad on G we get 3,2, 15,8 and 9 4. 

Now arrange all these notes in order of frequency, bringing 
the note 9 4 dow n an octave, so as to bring it betw’een C and c. 
Wo have then the following scale : 

CDEFGABc 
9 5 4 3 5 15 ^ 

^ 8 4 “3 2 3 8 “ 


9 10 16 9 10 9 16 

8 9 15 9 8 15 

Fig. ur> 

and this is the ordinary diatonic scale. The note C is called the 
tonic of the scale, aiurthe fraction immediately below' any note 
is the vibration ratio of the interval formed by that note and 
the tonic. The lower row of fractions is got by dividing each 
fraction in the upper row by that on its left, and gives the 
\'ibi'ation ratios of the intervals between the pairs of consecutive 
notes of the scale. 

This scale, modified somewhat to meet the exigencies of 
modern music and instruments, is in almost universal use by 
civilized nations. One or two other scales, such as that of the 
Scotch Bagpipes, have survived from former times, but they are 
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quite exceptionai, ainl peiliap.s owe such cliarms as they possess 
to the contrast tliey present to the superior sweetness of the 
more I'aniiliar scale. 


So long as music is used only for melody, it is of no great 
consecjucnce what scale is tised. Some music-loving though 
half-civilii'ed nation.s have in fact no fixed scale at all. Their 
vocal mu.sic is only an accentuated form of speaking, the voice 
risinu^ and falling not by fi.xed step.s, but by a continuous glide. 
When once harmony is introduced, a definite scale is required, 
and the diatonic scale was generally atloptcd long before Helm¬ 
holtz shewed why it is so much better fitte<l than any other to 
provide consonant harmonies. 


The intervals between consecutive pairs of notes are of 
three kinds ; the Major Tone 9 8, the Minor Tone 10/9 and 
the Semitone 16/15, and the intervals must be arranged in tlie 
order shewn in Fig. 115 to give a true diatonic scale. 

Each of the notes has received a name which indicates its 
relationship to the tonic. These names are as follows : 


C Tonic 
I) Supertonic 
E Mediant 
F Subdominant 


G Dominant 
A Subraediant 
B Leading Note 
c Octave 


These names are given not to notes of specified absolute 
pitch, but to notes making specified intervals wdth the tonic. If 
a diatonic scale is built up on the note D as tonic, the subdo¬ 
minant, for instance, will now be G, a fourth above D. 

272. Modulation- Defects of the Diatonic Scale- A 
characteristic of modern music is that it frequently modulates 
or changes its tonic. A composition may begin with C as tonic, 
and presently change into the key of G that is to say it now* 
requires a diatonic scale with G* as the tonic. Let us find 
^yhethe^ the diatonic scale of C, when extended in both direc¬ 
tions by raising or lowering all its notes by one or more octaves, 
w’ill provide the notes required for a diatonic scale with G as 
tonic. Keeping to the scale of frequencies in which the fre¬ 
quency of C IS represented by unity, we have 3/2 for the fre- 
quency of G, and this must be muitiplied by each of the frac¬ 
tions in the middle line of Fig. 115 in turn to give the frequen¬ 
cies ol the notes required for the Diatonic scale of G. Without 


SCALES. 


TE.NIPERAMENT 


231 


noc(lin<i to perform tlic multiplications, \vc can sec at once that 
.some extra notes will bo necflccl. Tlie interval trom tonic to 
supertonic is 0 wlicrcas the interval from G to A is 10 0, 
wjiicli is a smaller interval than 0 S. Hence for the supertonic 
of G we neefl a new notea little shaipor than A. The note B 
\vill serve as the mediant of G, since it is a true Major Third 
above G. Also c will serve as the subdominant, as it is a fourtli' 
abr)vc G. Similarly, if D and E are raised an octave, tiiey will 
serve as the dominant and submediant of G ; but F is much 
too flat to serve as tlie leading; note. It should be 1) 8 above the 
submediant, whereas it is onlv 16, 15 above. 


Thus tlie transpo.^ition to G as tonic requires the arldition 
of two new notes to the scale. Similarly to give a true diatonic 
scale on F a.s tonic we shall require again two new notes, one 
of them a semitone above A, and the other a little flatter than 
D. If we proceed in the same way to take all the other notes 
in the scale of C as tonics, we shall introduce other new’ notes. 
It is found that eleven such notes have to be added to tho.se 
belonging to the key of C in order to provide a diatonic scale 
with each note of the key of C as tonic. Nor is this the end of 
the matter. The Minor Keys have to be provided for, and this 
again requires additional notes, for the Minor Scale of C for 
instance requires a minor third, a minor sixth and a minor 
seventh. Further, modern music often requires “accidentiar’ 
notes, a semitone above or below the notes of the scale, and the 

same note will not serve both for Ctt and Dt), for instance, for 

two .semitones of the diatonic scale do not make a tone. More¬ 
over it mu.st be possible to take any one of these accidentals as 
the tonic of a diatonic scale. 

Thus it will be seen that to provide for all these contingen¬ 
cies a very large number of notes will be required in each octave. 
This cau.ses no difficulty with unaccompanied vocal music, for 
the voice can adjust its pitch so as to give true intonation in 
anv key, and the same is true of such instruments as violins 
and trombones, whicli have no fixed keys, the pitch of each 
note being determined by the performer. Instruments such as 
the painoforte, the organ, and most of the orchestral wind 
instruments, which have fixed keys giving notes of definite 
pitches are in a different position. The performers on such 

instruments cannot adjust the pitch of each note to true into- 
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iintioii. They must take the pitch provided for them by the 
instrument maker or timer, and it i.s plainly impracticable to 
have a ^'reat number of keys in each octave. 

273. Temperament. Con.sequent!y a compromise has to 
1(C cMectef]. The notes in each octave are limited to such a 
number as is f-uund practicable, ami .some of tlie intervals are 
altered a little from the true diatonie intervals, so as to make 
it possible to modulate without departing greatly from the 
diatonic scale. 


The number of notes to the octave is twelve for all instru¬ 
ments in ordinary u.se at the present time. On the pianoforte 
the white kevs giie a si-ale not much different from tlie diatonic 
scale, and five black key.s arc added, which give notes dividing 
the intervals of a tone into two semitones, differing a little from 
the true diatonic semitones. 


In discussing methods of tuning it is convenient to make 
u.se of a smaller interval than any wo have employed hitherto. 
The interval generally used is called the Comma, and is defined 
as the difference f»etween the Major Tone 9/8 and the Minor 
Tone 10 9. Its vibration ratio is therefore 9 8-rl0/9 or 81/80. 
Tliis is about a fifth part of a semitone. A still smaller interval 
named the Cent is also often used. The cent is the 1200th 
part of an oedave, or, since there are on the usual system of 
tuning 12 semitones in an octave, it is the 100th part of a semi¬ 
tone. 


Only two methods of tuning, or Temperaments, as they are 
called, have been used at all extensively, and one of these is 
now practically extinct. 

274. Mean-tone Temperament- Tlie Mean-tone Tempera¬ 
ment was in common use in organs until 50 years ago. As it 
has now been displaced by Equal Temperament, it is not 
necessary to give any lengthy account of it. 

If wc tune upwards four true fifths from C, we reach a 
note which is a comma aliove the true E. Each rise of a fifth 
increases the vibration ratio by the factor 3 2. Hence if the 
frequency of C is called unity, that of a note four Fifth above 
0 is I x3 2x3 2x3 2x3/2 or Sl;16. To roach the note E which 
is nearest to tlie note four Fifths above C we must rise tivo 
octaves and a major third. Hence the frequency of this note 
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E is 1 X 2 ! X 2 1 X5 -1 or 20 4. We find then that the interval 
between tjie nntiaie E and the true E is SI I6-i-2() 4 or Si SO, 
whieh is a Comma. Tlie untrue E can be made to coincide 
\\ith the true E bv rcducinj; eacli of the fiftlis by a Cjuarter of 
a comma, ami thi.s fiattene<l fifth i.s the basi.s of the Mean Pone 
system. Ib iefiy stated, the scale is obtained by ri.sin*' or fallini' 
)'opcatedU' by t\vo of tlje flattened filths, and returning; b\ a 
true octave, until a sufficient number of Jiotcs have been 
obtained witliin the comf)ass of an octave. The main feature 
of the scale is tliat. if only kev.s not far remoyed from C are 
used, such as G. E. Bt), D. the fifths are all a quarter of a 
comma flat, tlie major thirds are true and the minor thirds are 
a quarter of a comma flat. 

Tiiese diveiL'ences from true intonation are not very 

noticeable, and therefore the scale has a good effect in these 

keys. When however we modulate into keys sueh as or 
B.‘whieh are remote from C, in that they require the use of 
many of the black keys of the pianoforte, the intonation is so 
untrue, that such keys are called ^ wolves,” and cannot be u.sed. 
Tlie Temperament receives its name from the fact that each 
tone in the .scale is the same, and is tlic mean of the major and 

minor tones. 

275. Equal Temperament. Modern music demands free 
accesss to all keys, and therefore' the Mean-Tone rempera- 
meiit. which permits of modulation into only a few keys, has 
given place to Equal Temperament. In this system the octave 
is divided into twelve equal intervals called Equal Temperament 
Eanitones. It is clear, then, that whatever may be the defects 
ofthe-scaleofC, they will be exactly the same in the key of 

C'tt or any other key, for to reach any key we raise each note 
of the key of C bv the same number of equal semitones, inns 
all the keys are equally good or equally bad. and modulation 
makes no change in the consonance. 

The Equal Temperament Semitone is an interval which 
gives an octave when added to itself twelve times If therefore 
its vibration ratio is p,q, the fraction j^q multiplied by itself 
12 times must make 2, or (p/qy‘^2. .s eas. y solved by 

the use of iogaritlims, and it is found that pjq or V 2 is a little 
less than TOG, or expressed as ratio it is nearly 106 . 100. 
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On the piano or any instrument tuned to Equal Tempera¬ 
ment. twelve fiftlis make seven octaves. In true intonation 
the \il)ration ratio tor an interval made up of twelve fifths is 
(3 2)*^ and that of an interval of seven octaves is (2,-l)‘. The 
former <»t these* is greater than the latter in the ratio of 531441 
to 5242SK. and therefore the Equal Temjrerameiit fifth is flatter 

than the true liftli hv one twelfth of the interval defined bv 

• _ • 

this ratio. Expressed in terms of the comma the Equal 
Temperament fifth is one eleventh of a comma flat. 

Srmilarlv three Equal Temperament major thirds make an 
octave, whereas three true major thirds make the interval (5,4)^ 
or 125 ()4, which is less tlian an octave. Hence the Equal 
Temperament major third is sharper than the true major third. 
The (liff’erencc is 7 11 comma. 

The divergences of the Consonant Intervals in Equal 
Temperament from tliosc in true intonation are shew’n below. 


Octave 

True 


Minor third 

O 

j j Comma flat 

Major „ 

7 

II ” 

sharp 

Fourth 

1 

11 ” 


Fifth 

1 

11 ” 

flat 

Minor Sixth 

7 

11 ” 


Major ,, 

s . 

11 ” 

sharp 


It is seen then that in present-day music no intervals are 
true except the octaves ; and the thirds and sixths differ quite 
^iispicuously from tlie true intervals. Hence according to 
Helmholtz’s theory the adoption of Equal Temperament must 
have introduced into music dissonance which would not be 

present if true intonation w'ere used. This conclusion deserves 
a little consideration. 
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III the first place Equal Temperament tampers with just 
those intcr\als which can best stand it. The octa^e is \cr\ 
closely hedged in by harmonics, whicli beat .strongly, if there is 
mistiming.' Consequently, eveiy TernpcrameiH is compelled to 
keep the octaves true. A mistimed octave would not be 
tolerated in music. The fifths are the next in order of close¬ 
ness of definition, and in Equal Temperament they are only 
ri I comma flat. The beats due to this mi.stiming arc not .so 
rapid as to be seriously unpleasant. It i.s tlie thirds and sixths 
whicli suffer mo.st in Equal Temperament, and we saw tiiat. 
these interval.s are onl\’ teeblv ilefincfl. so tliat wc can toleiate 
more mistiming in tlieir ca.sc'than we could in the ca.se of the 
fourtlis and fifths. 


Helmholtz's Thcorv is a physical theory whicli aims at 
explaining the physical' property of smoothnc.ss of concords, 
and does not necessarily arrange the concords in their order ()f 
desirability from an aesthetic point of view. The major third 
on his theory is much inferior to the fifth or octave ; yet nuisi- 
callv it is more agreeable. The absence of a third in a chord 
makes it thin and uninteresting, and it is a general though not 
invariable rule in Harmony to include a third in every chord. 
Moreover, actual dissonances such as the major and minor 
ninth are often introduced with excellent effect. Tlius we may 
conclude that smoothness is not the only desirable feature of a- 

chord in music. 

Our appreciation of Tempered Intonation is no doubt 
largely a matter of education. As Donkin says, the \\hole 
structure of modern music is founded on the possibility of 
educating the ear not merely to tolerate or ignore, but ni 

some degree to take pleasure slight deviations fiom the 

perfection of the diatonic scale.” 



CHAPTER XVI 

MCSICAL INSTRUMENTS 

276- Classification of Orchestral Instruments- ^Ve shall 
not aftonijit to uive a complete account of the construction and 
use of musical instruments, but shall merelv touch on such 
})oints as afford illustrations of the Acoustical Theories de¬ 
veloped! in the preceding chapters. 

The instruments in common use in tlie Orchestra may be 
dix iderl into four main classes, String's. \\’oofl-\Vind, Brass, and 
I’ereussion. W'c shall treat them in this order. 

The Strinp.s may he again subdivied into (1) the Piano 
forte and Harp, where the vibrations arc produced by striking 
or plucking the strings and (2) the \’iolin class, where the 
strijigs are bowed. 

277. The Pianoforte. In the pianoforte the strings are 
stretched on a wooden or metal frame, and a thin wooden 
sound-board is fixed to the frame. As has been said previously, 
if the strings were fastened to a rigid frame without a sound- 
hoard, very little sound would be given out. The sound-board 
must not be regarded as a resonator. Its vibrations are forced 
and it owes its efficiency merely to its large surface. It has of 
<'ourse natural tones of its own. but the damping is so great 
tiiat after a vert* few vibrations its natural vibrations become 
inappreciable, and nothing remains but the forced vibrations. 

Each note lias from one to three strings. When there are 
more than one, the strings are tuned in unison with each other. 

c saw in Chaptei' III that the pitch of a string can be altered 
by clianging its mass, length or tension and all three methods 
are employed in tlie pianoforte. The bass strings are several 
feet long, whilst those at the treble end are only two or three 
inches long. Further, the bass strings are weighted by one or 
more layers of wire twisted round them. This is better than 
merely using a thicker string, as it does not interfere so much 
■wail the flexibility. The strings arc made longer and heavier in 

236 


MUSICAL INSTRUMENTS 


237 


tlie bass in order to equalize the tension. If the string.s were of 
the same length and den.sity throughout, tlie tension in treble 
would have to be much greater than in the bass. A pianoforte 

lias generally a range of about 7 octaves. With this range the 
lii'diest note has a fre(|uency 128 times as great as the lowest, 
ami if this were to be secured inerelv by difterenee ol tension 
the hhdiest string would have 10,384 times the tension ol the 
lowest^ This is an impracticable range, for, even though 
the uiiper strings had such a tension that they were on the point 
of breakinjl. the lower strinas wouhl be so slack that they would 
give a very poor and weak note. 

The strings are stiuck with hammers covercfl with felt. W'e 
saw that when a string is struck, no harmonic is present that 
requires a node at the point struck, and al.so that a string gives 
a more metallic tone when struck near the end than when struck 
near the middle. It has often been stated that pianoforte strings 
are struck one seventh of theii- length from the eiul in order to 

tret rid of the seventh harmonic, which is the lowest that falls 

out of the musical scale. It is in practice seldom that a string 
is struck so far from its end as one seventh ; a more usual po- 
sitUmis one cifzl.th or one ninth from the emh The trehle 
strhiL's are struck still nearer the cn-l, for tlie.r stiifncss hinders 
tlic formation of the hiplier liarmonics, and their quality aould 
be different from that of the lower strings if tlie production of 
the higher liarmonics were not encouraged by tlie nearness ol 

the point struck to the end. 

The quality of the note is also influenced by the shape and 
hardness of the liammer. A hard hammer and a narrow striking 
sni-face botli favour the production of high harmonies ; consequ. 
ently narrower liammers are used for the tiehle in ordei to 

equalize the quality. 

Each maker adopts the point of striking and the kind of 
liammer that he lias found by experience give the ffuahty he 
desires The differences between the instruments of diffeient 
makers depend largely on the choice of hammers and striking 

points. 

97fl Tkp Ham. Much of what has been said of the 
• nnniies also to the harp. The bass strings are 

wdghted, so tLt the tensions may be equalized. The sound- 
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hoard i.s imjch smaller than in the pianoforte and the sound is 
<onse(iuent ly weaker. Tlie .string.s are iLsually plucked not far 
from their mi<hlle points and the note is therefore soft and some¬ 
what dull from the weakne.ss of the higher harmonies. 


*279. Motion of a Violin strinj- The Vibration Micro¬ 
scope. Tlie \'iolin. \’iola, X'ioloneollo and Double Bas.s are 
alike in {)iineiple. differing merely in .size. In all tliese in.stru- 
iiients the sti'im: is made to vibrate by being bowed. The motion 
of a \ iolin string under the action <;f the bow }jas been investi¬ 
gated ex|jerimentally by Helmholtz by tlie use of the Vibration 
.Micro.scop,*. Briefly staterl. the principle of the vibration micro¬ 
scope is as follows. A tuning-fork, whose pitch is the same as 
tliat of the string, has a Ions fi.xed to one of its prong.s, and is 
placed .so that the vibrations of the lens atid those of the string 
are in directions at right angles to each other. A grain of starch 
is fastened to the* stiing. If now the fork is made to vibrate, 
the image of the grain will vibrate. an<I a person looking at the 
grain through the lens will see it drawn out into a short line. 
If the string is vibrating and the fork at rest, tlie grain will 
he -seen drawn out into a lino at riglit angles to the former. If 
both fork and string vibrate the two .separate motions of the 
image are compounded with each other, and a Lissajous’ Figure 
is .seen. The vibrations of the lens are simple harmonic, tliose 
of the string arc periodic but not simple harmonic. Consequently 
tlic lignre will not resemble any of tliose shewn in Chapter II, 
since tho.se ligures were drawn for the case in which both vibra¬ 
tions arc simple Iiarmonic. 


Tlie general form of the figures seen bv Helmholtz was as 
shewn by tlie curve at the top of Fig. 116. Here the fork is 
describing simple harmonic vibrations in a horizontal direction, 
and the string is vibrating in a vertical direction, the fork and 
string being in unison. It remains to deduce the relation between 
the displacement of the string and the time. This is readily 
<Ione, as the known mode of vibration of the fork provides us 
with a time scale in the horizontal direction. At a certain 
moment, for instance, the displacement of the string at the 
point we are observing is ab upwards, and the moment at 
", displacement has that value can be determined from 

the displacement oa of the fork at the same moment. 
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Draw a circle witliits eeiitre anvwliere in the vertical line 

% 

througli O, the centre of the Liss- 

ajoiis’ Figure, and witli a radius 

equal to the amplitude of vibration 

of the fork. Di\ide the cireumfe- 

renoc of liie circle into any number 

% 

of equal parts, and llirough each of 
the points of division draw a verti¬ 
cal line. In the figure tliere are 
10 .sections, the points of division 
being numbered from 1 to 10. Tlie 
]joint numbered 1 is for convenience 
cliosen so as to lie vertically under 
one of the points where the Lis- 
sajous’ Figure cuts the horizontal 
line through O. Tlie vertical lines 
will mark a scale of equal time 
intervals on the horizontal lino 
through (), The numbers on the 
curve shew the positions of the Fig. IIG 

tracing point of light at the ends of successive equal intervals 
of time. 

Now take a straight line divided into 16 equal parts as in Fig. 
117, and at each dividing point draw an ordinate equal to the 
ordinate of the Lissajous’ Figure at the point with a corres¬ 
ponding number, and draw a smooth curve through the ends of 
the ordinates. The curve is found to consist of straight lines 



meeting at angles with each othei*. 

This curve does not shew the shape of the string, but tlie 


displacement of one par¬ 
ticular point of the 
string at different times. 
The tangent of the 
angle between the curve 
and the axis at any 
point is the ratio of a 
‘change of displacement 
to the time interval in 
which that change takes 
place, or is the velocity 


/ 2 3 4 5 ^ 7 8 9/101112 rS 1415 k 




ar. 


t 


Fig. 117 

of the point of the string. Consequently 


240 


MUSICAL IN-STRUMEN-T5 


iistraitrlit lint- roproscnts luiiform velofity, ami we see that any 
Dointof the string' mnves with unif.am veloc-.ty downwarcb. 
hen elian-'e^ its direetirui of motion suddenly and mo\es Auth 
unihnni velocity upwards, and so on. The to and fro velocities 

are tlie same only at the centre of the strinii ; the\ differ from 

each the nxovc, X\\o nearer the point ol)serve(l is to the end 

of the string. Helmholtz fonnd that at any moment the 
takes tlie form of two straight lines meeting at an angle, riie 
amde is not alwavs at the same point of the string, but travels 
haek and forwards along a tlat'eurve. which passes through the 
ends of the string. When the angle is travelling in one direc¬ 
tion it is above tlie equilibrium position of the string, and when 
travellinu in the other direction it is below it. 


28D. Action of the Violin Bow. The action of the bow in 
e.xeitiiu' vibrations in the string depends on the difference 
between static and kinetic friction. When the string and bow 
are at rc\st relatively to each other, tlie friction is greater than 
when there is lelativo motion. The bow moves with uniform 
velocity, and carries the strimr forward with the same velocity. 
Prcsentlv the force of restitution becomes so great that the 
string breaks away from tlie bow, anil Helmholtz s experiment 
shews that it returns also with uniform velocity. When it 
reaehe.s the end of its swing anil .stops, another part of the bow 
grips it, anil carries it forward again, and so on. 


281. Quality of the note of the Violin. It will be seen 

tliat the vibrations are not at all like simple harmonic vibra¬ 
tions. The string does not slow down gradually as it reaches 
the end of its swing, but changes suddenly from an outward 
uniform velocity to an inward uniform velocity. A vibration of 
this kind requires a large number of term? of the Fourier series 
to express it, and the note of a violin has therefore a large 
retinue of harmonics. Helmlioltz considers that the cutting 
character of the note is due to the strength of the sixth to 
the tentli harmonics as compared with those of other instni- 
ments. The nature of the vibrations is not much affected by 
the position of the point that is bowed. 


282. Production of the Scale on a Violin- The lower' 
strings of a violin arc heav'ier than the higher strings, for the 
reasons given when we spoke of the pianoforte. The strings of 
the violm like those of all other stringed instruments are tuned 


MUSICAL INSTRUMENTS 


241 


by alteration of their tension. They are tuned to the notes 
fj. €*, making fifths with each otlier, and it is to be 

noticed that if the fifths are true, it is not possible to play an 
equally tempered scale on the instrument making use of the 
open strings, for all the fifths on the tempered scale are 1 11 
comma fiat. The point has merely a theoretical interest, 
for 1 11 comma is too small an interval to be of practical con* 
se(juence. 

The notes intermediate between those to whicli the strings 
are tuned are obtained by j)ressing the strings against the 
finger-board with the fingers, and so shortening the strings by 
the required amount. On some stringed instruments, such as 
tiie banjo, small raised strips of metal or ivory called Frets are 
fixed across tiie finger-board at the points to wliich the strings 
are to bo .shortened for the various notes of the scale. 'J'hesc 
frets make the instrument easier to play, but they have the 
ili.sadvantaae that if one of the strings is out of tune, all the 
notes produced from that string must be out of tunc, wliereas 
if one string is out of tune on the violin, the player can adjust 
the points of stopping, so as to bring all e.xcept the open note 
into tune, and the note that should be given by the open string 
can be obtained from the string below. 

The peculiar shape of the body of the violin is beyond the 
reach of theory. It was arrived at by experience and has 
remained practically unchanged for 200 years. 

283. The Wood-Wind Instruments- Tlie Wood-Wind 
consists of two classes. The first class contains the Flutes and 
the second contains the Reed Instruments, such as the Haut- 
bov, Clarinet and Bassoon. 

284- The Flute- The Flute is made in various sizes, 
the best known varieties being the orche.stral flute, the military 
flute and fife, and the piccolo. The piccolo is the instrument 
of the highest pitcli used in music. Each of these instruments 

consists of a tube closed at one end. In the side of the tube 
near the closed end is a hole across wliich the player senfis a 
sheet of air from his lips and so produces the sound, the vibra¬ 
tions being set up in the same way as in the flue pipes of an 
organ. The flute then is analogous to an open organ pipe, and 
gives the full series of harmonic overtones. Flutes were formerly 
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nr.de «i<l. the bore of the lu.lf of the tt.he nearest to the open 
en she tU- eonteal. tl.e narrotvest part of the eone hemg at tl e 
Z't en.l ■ The eonieal bore is still use.1 tit mihtary flutes but 
■ l es ral flutes ate now aluays niatle wtth a eylttitlrteal bt.re 
The horo near the inoutli hole is commonly slightly contracted 
in the form of a paraboloid. 

The Fineer Holes. In the half of the tube farthest 
f,on. the ..,ou.h a"/"x holes uh.eh are use.l for forttnug the 
scale III the so-ealletl eight-keyed eonecrt flute these holes 
;v;„. eovere,l with the fingers. In the Boehnt flute ant others 

of modern make they are covered by pa'idcd kets, u huh are 

pressetl down with the fingers. When all the holes are closed 
She flute gives the note of an open pipe whose length is ti e 
distance betve.'n the mouth-hole and the open end If the 
holes Mere as large as the bore of the tube, they would reduce 
the effective length of the pipe to the distance between th^e 
mouth-hole and the highest hole left open, and the distances ot 
the holes from the mouth would have to be invereely propor¬ 
tional to the frequencies of tlie notes of the scale. It is no 
nracficable to make tlie holes so large as this. If they are above 
a certain size they are not easily covered, and tlie notes produced 
are unmanageable. In the case of the eight-keyed concert flute 

tlie holes were much smaller than the bore. \Mien the holes 

are small the notes of the instrument are weak, and it is largely 
for this reason that in modern flutes tlie holes are covered by 
kevs, and can therefore be made larger than is possible when 
they are covere<lbv the fingers. It is claimed also for the 
Boehm and other similar flutes that the holes can be placed 
more nearly in their theoretically correct positions, as the fingers 
need not be directly over the holes, but can open and close 
them bv means of levers. 


A simple experiment will .shew that the part of the tube 
below the liighest liole open is not without effect on the pitch 
of the note. The experiment can be made with a tin whistle. 
Cover the two highest holes and blow the whistle. Aow cover 
also the three lowest. The highest hole open is the same as 
before, yet the pitch is lowered a little. Thus it appears that 
the tube is not completely cut off at the highest open hole. 
A warmng should be given that the experiment will not gener¬ 
ally succeed if the highest hole is left open and the remaining 
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I five aUcrnatcIy opene<l and closed. In this ease closinL' rlie lower 
^ holes can with ‘.'reat care in blowinir Ik* made to h.wer ilic pitch, 
l)iit it will generally rai.se it a scinitono. When all tin* holes 
arc ojK'n. the jjipe between the month and tJie liiuhe.'St Jiole 
gives its fundamental. AVhen ail the lioles except the liiudiesf 
are closed, we shall almost certainly get ilie fir.-'t overtone qf 
tlie full lengtli of the pipe, whicli is a semitone above tlie nf)te 
given otit wlien all the l)olc.s are open. Tlie lirst overtone has 
an antinode in the middle of the pipe, and a node a quarter of 
the length from eaclj end. If all the Iioles are open, we cannot 
liave a node in the lower half of the pipe. The onlv possible 
position for a node is in the closed upper lialf. M'lien all the 
holes but the highest are closed, it is almost impossible to 
prevent tlie formation of an antinode at tlie middle of the pijn;, 
.since that point is connectcnl with the open air through thcj 
highest hole. As it is now possible for a node to form in each 
lialf of the pipe, the first overtone of the whole pipe is produced. 

286. The Flute regarded as a Resonator. As a first 
apj)roxima(ion we can regard the flute as a pijje whose length 
can he varied, but this will not explain Die whole of the details 
of the con.struetion. The holes are not arrangc*cl so that their 
distances from tiie mouthpiece are inversely proportional to the 
frequencies of the notes produced, and they are not always all 
of the same size. 

We can get a step farther in the explanation by looking on 
tlm flute as to some extent analogous to a Helmholtz Resonator, 
wjiose pitch can be raised bj' enlarging tlie opening. Uncovering 
the holes of a flute is equivalent to enlarging tjic opening of a 
resonator, and the larger a hole i.s the greater is its elfect in 
raising the pitch. The part of the tube in which the holes are 
open is not quite ficely open to the air, and is therefore not quite 
without effect on the pitch of the note given out. This explains 
why it i.s not a matter of indifference whetiier the holes below 
the highest open hole are open or closed. Closing them reduces 
the connexion of tlie whole interior with the open air, and so 
lowers the note. It is similar in effect to shading the open end 
of an open organ pipe. 

We can now understand why the holes may, within limits, 
be made in any positions convenient for the fingering. If when 
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SO arranged tliey do not ^dve a true scale, they can be altered in 
size so as to correct the errors. 

With merely six holes as described, the flute will give a 
diatonic scale extending over about three octaves. For the lowest 
octave the fundanu?ntal of the pipe is used, for the second octave 
the first overtone an octave higher is used, and for the thirtl 
the overtone two octaves above the fundamental is used. The 
semitones intermediate between the notes of the scale are pro¬ 
duced by means of lioles covered by keys, which can be opened 
when required. 

An open hole prevents the formation of a node in its neigh¬ 
bourhood. but favours tlie formation of an antinode. This princi¬ 
ple is made use of in the production of certain high overtones. 
The holes near the points where nodes are situated in the parti- 
eulai- form of vibration required arc clo.sed, whilst the holes near 
the antinodes are left open. 

The note of tlie flute is almost free from the higher 
harmonics. Tlic octave is faintly audible, but no others. 
Consequently the note has a smooth quality which contrasts 
well with that of the violins and reed instruments. 

287. The Ocarina. In an earlier chapter we mentioned 
an instrument called the Ocarina. It is not used in the 
orchestra, but is worth a short description, as it is a simple 
resonator in principle, with none of the characteristics of a pipe. 

The Ocarina is a hollow 
made of metal, .d is a flat 
tube by whicli a sheet of 
air is blown across a hole 
not seen in the figure, and 
the instrument made to 

give out a note. On the 

front are eight holes which 
can be covered bv the 

V 

fingers, and on the back 
.•Jij-.c two holes for the 

thumbs. The scale is pro- 

duced by uncovering the holes one after the other. The 
vmteresting point about the instrument is that the positions of 
the holes are of no consequence. All that matters is theit size 
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or more strictly their eonduetivity. Choose two holes of the 
same size, and open first one and then the other. Tliev will 
he found to have the same effect in rais»n<i the pitch wher¬ 
ever they are sitnate<l. The in.strninent has not a vibratini; 

of air with nodes and antinodes, but merelv a /nass of 
air which is alternately compressetl and rarefied, and the pitch 

depends only on the volume of the air and tlie total conductivi- 
ty of the ojienings. 


288. The Clarinet, ^^'e come next to the reed instru¬ 
ments, compri.sing the Clarinet. Hautbov and Bassoon, with 
•some otliers in le.ss general use, such as the Basset Horn, (’or 
Anglais, J.)(juf)le Bassoon. ISaxophone, etc. 


The Clarinet has a cylindrical tube spreading out into a 
■small bell at one end. ami closed at tlie other end bv a simde 
reed of eane. beating on a rectangular opening in the side^^of 
the moiitlipiece. We have already explained tlie action of a 
reed in Chapter X, and liave shewn that the recti end of a 
pipe i.s to be treated a.s a closed cntl. The clarinet, tlierefore, 
being a closed cylindrical pipe, gives only the odd Jiarmonic 
overtones I, o. etc. W’hen overblown its note rises a twelfth, 
unlike tliat of the flute wliich ruses an octave. 


The notes of the scale are protlucod by opeliing in turn a 
.s?ri?.s of lioles in the sitle of the tube, but as it is luc^ssary fo 
cover a range of a twelfth before beginning again with the 
first overtone, keys arc provided for giving a few notes below 
and above tliose obtained the use of the holes. A clarinet 
in Bb gives the note F wlien all the finger lioles are closed, 
hut E, Eb, and D can be got by the use of keys, which cover 
other holes below the lowest of the finger holes. Siinilarlv 
when all the finger holes are open the note given out is F an 
octave above tlic former, and kc 3 ’s above the highest hole 
enable the player to produce FJI, G and G#. Thus by tlie 
use of the keys and holes the tube, whilst always sounding its 
fundamental, can be altered in length so as to give a scale 
cxtc^iding over a semitone less than a twelfth. Now return 
to the fingering used for the lowest D, but make the tube give 
its first overtone, and we get the note A twelftli higher. 
We tlien get by repeating tlie former fingering a scale in M’hich 
all the notes are a twelfth higher than in the lower register. 


240 


MUSICAL INSTRUMENTS 


Tliroiifilioiit tlie upper register a key called the Speaker 
Kev is used lo facilitate tlie formation of the first overtone. 
Jn the lover rcL'islei’ tlieio is a node at tlie reed and an antinodc 
j^onicv lu ie near tlie lii.Ldic.st hole that is o]>en. In the higher 
K'Mster tilde is a second node between the antinode at the 
iniihest lipen hole and the reed, and a second anlinode between 
this second node and the reed. Tlie speaker key opens a 
.^inall hole near this second antinode and encourages its 
fiuination. As a single speaker key has to serve throughout 
the lei.dster. It cannot be exactly at the antinode for every 
note of the rcLii-ster. but it is sufficiently near to ensure the 
production of the fir.-.t overtone of the tube. 

Most of what was said of the production of the scale 
on the tlute apjilies also to the clarinet. The intermediate 
semitones arc provided liy means ot additional keys, and the 
liighest notes are obtained by a method similar to that employed 
on the j-'Intc. 


As the ])roper tones of the clarinet form the odd series of 
harmonies, none hut the odd harmonies arc conspicuous in its 
note, and tins is the main cause of its characteristic quality. 
The even harmonies are not quite absent, for the periodic 
eutrent of air from the reed contains the whole series, and 
the even members set up weak forced vibrations in the 
column of air. 


The pitch of the clarinet depends almost entirely on the 
length of the tube. The reed has a natural frequency de¬ 
termined by its mass and elasticity, but its mass is so slight 
tluit it is constrained to vibrate with the frequency proper to 
the column of air. 


Clarinets are made in a variety of pitches. Those in 
common use in the Oreliestra are in A, Bb,C. The Basset 
Horn, a fourth below the Bb Clarinet, and the Bass Clarinet, 
an octave below the Bb, are also sometimes used. 

289. The Saxophone. The Saxophone is a brass instru¬ 
ment re.sembling ihe Clarinet in the form of its reed, but it has 
a conical tube, and therefore has the full series of harmonic 
overtones. Its fingering is similar to that of the Flute- It is 
seklom heard in this country except in dance bands, but is in 
common use in military bands on the Continent. 
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290- The Hautboy- Tlie Haiitbo\’ lias a conical bore, 
aiifl the souiul is protlnced by a double reed. Two thin pieces 
of cane slij:htl\’ curved are bound together with theh* concave 
faces towards each other, so that there is a narrow lenticular 
opening between their edges, when they are at rest. \\'hcn 
they are made to vibrate by the pressure of tlie air in the 
player’.s nu>uth. the lenticular space alternately opens and 
clo.se.s. tIm.s admitting pull's of air into the tube. Tlie reed is 
placed at the \ertex of the cone formed by the bore of the 
tube, the base of the cone being at the open end of the 
instrument. 

In consequence of its conical bore the hautboy gives the 
full harmonic series of overtone.s. Hence the arrangement of 
the holes and keys an<l the fingering are the same as for the 
flute. The note.s of the hautboy are very penetrating in quality 
on account of the strength of their higher harmonics. 

291. The Bassoon. The Ba.ssoon is merely a Bass 
Hautboy. Its length is so great that for the convenience of 
the performer it is doubled on itself, and the reed is placed 
nt the end of a short side tube. In consequence of the great 
length of the tube the holes are bored obliquely through the 
wood, so that whil.st their outer ends are close enough together 
to he easily reached with the fingers, their inner encls are 
widely enough separated to give the notes required. In other 
respects the bassoon resembles the hautboy. The reed is 
double and the bore of the tube is conical. The overtones 
form the full harmonic .series. 

292. Tuning the Wood-Wind. The range within which 
it is possible to alter the pitch of an in.strument of the wood¬ 
wind class to bring it to the pitch of a pianoforte or other 
instniment is very limited. The pitch of a flute, for instance, 
can be lowered by drawing out the joints a little, but this puts 
the notes of the scale out of tune with each other. The spacing 

of the holes is arranged to give the proper intervals w hen the 

tube has its normal lengtli with all the joints pushed close. 
"Wiien the pitch is lowered, the section between every two holes 
should be lengthened in tlie same proportion as the whole tube 
is lenethened, if the relative dimensions of the instrument and 
the relative pitches of the notes are to remain unchanged. 
When the flute is flattened by drawing out the head joint, it 



MUSICAL INSTRUMENTS 


24 S 


is plai.i tlmt the holes will he a little too close together to give 
the correet intervals with the increased length. 

There is no dimcultv in tuning the strings and brass by 
anv amount tliat is likely to be needed and therefore it is 
usual tf) tune the orchestra to tlie woorl-wmd instruments, 
when tlie nitcii is not fixed by the inclusion of an organ or 
pianoforte. Tlie hautliov is generally chosen for this purpose 
but probably the clarinet would be bettor. The finte and 
bassoon are what may be termed flexible instruments, that is 
to sav, tlicir notes can be <i little in pitch b\ the 

Tilaver. and .so brought into tune. The flute player adjusts 
the pitch bv covering the mouth hole to a greater or less 
extent with his lips, and the ba.ssoon player by varying the 
jiressure on the reed. The hautboy and clarinet are less flexible 
and perhaps the clai’inet is the less flexible of the two. Con¬ 
sequently these instruments suffer most in intonation when 
their joiiits arc drawn out, and it is for this reason that one of 
them is chosen to give the pitch to the rest of the orchestra. 


293. Standards of Pitch- There are two Standard 
Pitches in use at the present time, l^p to the year 1896 the 
High or Philharmonic Pitch had been in use for many years. 
This had a vibration number 4o24 for the note A at a 
temperature of 60^ F. In 1806 the Philharmonic Society 
changed their standard to what is known as the Low Pitch, 
and has a vibration number 439 at 68* F. In specifying a 
standard of pitch it is necessary to specify the temperature, 
for the standard is fixed mainly for the guidance of the 
instrument makers, and instruments vary in pitch with variation 
of temperature. In fixing the Low Pitch, as stated above, the 
intention is that the makers should construct the instruments 
in such a way that at a temperature 68* F, the note A shall 
have a vibration number 439. At any other temperature the 
instruments will not onl^’ have a different pitch but will also 
differ from each other, as different instruments vary in different 
ways with cliange of temperature, and they will therefore have 
to be brought into tune with each other by the use of the 
tuning appliances appropriate to the various instruments. 
Tlie temperature was fixed at 68* F. as this is an average 
temperature for a concert room, and so entails the smallest 
amount of adjustment of the instruments. The Low Pitch has 
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been adoptcfl by all the great London Oreliestras. bnt the 
High Pitch is still used in military hands an<l in most j)rovineial 
orchestras. The flifference between the two pitches is not groat, 
yet it is enough to make it impe)ssihle to use tlie same clarinet 
or hautboy for both. Consequently, players wlio are in tlie 
habit of using botli pitches are coinjadled to have two instru¬ 
ments. one h)i'each pitch, if it were not ioi-this difhcult\', it 
is probable tliat the L(nv Piteli would now be universal in this 
country. Unfortunately the military bands have retained the 
Higli Ihtcl), as the e.xpense of providing new instruments of 
Low Pitch is too great. As provincial orcliestras are often 
dependent on the local military band for filling the gap.s in their 
rank.s, it u'ould apj)ear that we .sliall not have one standard of 
pitch in orchestras, until tlie military authorities can face the 
e.xpense of providing neu in.struments 

294- The Brass Instruments. The Brass In.struments 
all consi.st of metal tubes of a more or lc.«s conical bore provided 
at the narrow end with a cup-shaped moulliiiicce. The lips 
of tlie player are placed against the mouthpiece and by their 
vibrations produce the sound in the same way as the voice is 
produced by the vocal choifls. 

Tn all the.se instruments the aim of the maker is to provide 
the full series of harmonic overtones. The overtones form the 
basis of the scale as in the case of the wood-wind but much 
higher members of the series arc used. The horns and trumpets, 
for instance, go as high as the sixteenth harmonic. 

295. Shape of the Brass Instruments- Though the 
bore is in general conical, it is by no means so regular a cone 
as the bore of a hautboy or a conical organ pipe. Ihe bugle 
is a fairly regular cone, but the trombone is cylnidrical for 
two-third.s of its length, and spreads only m the lowest third. 
AM the instruments widen rapidly at tlie open end to form a 
bell. The positions of the nodes and the pitches ofthe oMu- 
tones of such tubes cannot be calculated theoreticalI> , and the 

makers have evolved by experiment the sliapes that aie found 
give overtones in accordance with the harmonic senes. 
Their efforts are not always successful, and the difference 
b tween^ good Tnstrument and a bad ono is largdy a difference 
i^^? the accuracy of the pitch of the overtones. The nodes vary 



MUSICAL INSTRUMENTS 



111 position accor<lin«; to the overtone that is sounded. If there 
i.s a constriction in liie tube at some point, any overtone whicli 
rccphros a node at that point is a little sharp, and any over¬ 
tone whicli rccjuircs an antinode tliere is llat. A bad brui.se 
in the lul)c may therefore liave tlic eJlccl of putting some of 
the note.'^ out of tune. 


296. Effect of shape on Pitch and Quality. As the shape 
of the bore of a lirass instrument is not amenable to theoretical 
treatment, wo can only mention a few experimental conclu¬ 
sions bearing on the relation of the shape to the quality 
and pitch of tlie notes that can be produced. 

Wlion the tube is wide relatively to its length, as in the 
euphonium, tuba, and other instruments of the Saxhorn group, 
the lower members of the harmonic series including the 
limdamental are easily produced, and are of good quality. 
When th? bore is narrow, as in the horn and trumpet, the 
fumlarnental is difiicult or impossible to blow, but the higher 
members are easy. The best range of the horn is from about 
the fourth to the twciftli harmonic. 


A wirle sjneadhig bell, as in the horn, makes the tone 
smooth. A small bell, as in the trombone, conduces to a 
brighter quality. Widening the bell beyond the size for 
n liich the tangent at the edge makes an angle of about 45® 
with the axis has no effect on the pitch, though it continues 
to make the notes smoother in quality. 


The shape of the mouthpiece has a great effect on the 
quality of the notes. A shallow cup-shaped mouthpiece like 
that of the trombone gives a bright tone, A deep conical 
mouthpiece narrowing graduallj'- from the rim, like that used 
Mith the horn, gives a smoother tone. 

297- The Bugle. Some instruments, such as the Bugle, 
Post Horn, and the French Cor de Chasse, have 
no other notes than those of the harmonic series. 
All the military Bugle Calls are formed from the 
following notes. Some higher notes are possible 
but difBcult. The Regulation Bugle is in Bb, and therefore the 
actual sounds are all a tone lower than those shewn. 
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298 The Cor de Chasse and Hand Horn- The Cor tic 
('liasse is similarly limited, but, tlu; tube being long and narrow, 
the higher tones are more easily produced, and, as the harmo¬ 
nies lie closer together the higlier we ascend in the series, the 

inelcjdie possibilities of the Cor de Chasse are greater than 
those of the bugle. 

The horn used in orchestras or, as it is often called, the 
Freneli Horn, had until recently no meelianism for filling the 
gaps in the harmonic series. Its scale ol open notes wa.s 
therefore limited in tlie same way as that of the C<ir de 
Chasse. The performer, however, placed lus liand inside the 
bell, and bv clcjsing the opening to a greater or less extent 
could llattcn each of the notes by a tone or more, ami so 
produce a complete cliromatic scale over a range of about two 
octaves from the third harmonic upwards. The notes so 
flattened were called stopped notes, and were great y mforior 
in quality to the open notes. The horn was ^ 

.set of lengthening pieces or “crooks » by which it could bo 
put into the key of tlic music to be played, the numbei of 
stopped notes required being thereby reduced. Horns of this 
kind are called Hand Horns. Horns arc no^y always pro¬ 
vided with valves, by means of which a 

scale is obtained over the whole range of the ■»«tiument 
without the use of stopped notes, as will be explained m ^ ^ )1, 

299 The Ophicleide Class. The earliest method in 
..cncral use for fillinp the gaps between the 

Moles, sometimes eovered by keys, were " " 

the tube, and by opening these in turn a scale «.ts pioduced 

in the same way as on the flute. 

*"f—is:,,:; 

“euss* W^s* t^^e 'o^hieldd'^wMchlms now 
been superseded by the Tuba. 
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300. The Trombone. The second method of forming 
the scale is hv the use of a slide, as used on the Trombone. 
There are three Trombones in general use, the Alto Trombone 
in the Tenor in Bb, and the Bass in G. They differ only 
in size and a description of the Tenor will serve for the three. 

About two-thirds of the tube nearest to the mouthpiece is 
cylindrical. an<l the remaining third is conical. The cylindrical 
part is bent in tlie middle so that its two halves are parallel to 
each other and is made double, the outer part sliding telescopi- 
callv over the inner. By drawing out the outer part the tube is 
leiigtliened in the same manner as the right-hand branch of the 
interference tube shewn in Fig 57. 

When the slide is closed, the Tenor Trombone gives the note 
Bb as it.s fundamental. If the slide is drawn out a little way, 
the fundamental is lowered to A. if a little farther still to Ab, 
and so on. until with the greatest extension possible is reach¬ 
ed. Thus there are seven positions of the slide giving all the 
semitones from Bb down to Efl. In each of these positions we 
can prodnee not only the fundamental but also its harmonic 
overtones, aiul so we have a harmonic series on each of seven 
con.secutivc notes at intervals of a semitone. 

The range of the trombone in practice extends upwards as 
far as the eighth harmonic. An expert player can produce a few 
higher notes, but they arc seldom demanded by composei's. In 
the following table are .shewn all the notes that can be produced 
in the various po.sitions of the slide. The fundamental is difficult 
to blow in any but the first three positions, and is therefore 
omitted in the rest. The seventh harmonic is omitted through- 


Posilion 1 2 8 4 5 



Fig. 119 
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out, as it does not coincide with any note of the scale with tlie 
fundamental as tonic. 


It will be seen that from the second harmonic in the 
seventh position to Bt), the eightli harmonic in the first position, 
we have a complete chromatic scale, and three lower notes in 
addition. The slide has enabled us to bridge completely all the 
<^aps above the second harmonic in the first position, and to 
bridge the upper half of the gap between the first and second 
Jiormonics. Some of the higher notes can be obtained in more 
than one position of the slide, and this is an advantage to the 
])layer. He chooses such positions as require the least movement 
of the slide in passing from note to note. 

The trombones, like the violins, can be played in true into¬ 
nation, since the pitch of each note is under the control of the 

player. 


301. Valvcd Instiruiiieiils. The third method of producing 
the scale on brass instruments is by the use ot valves. The valve 
is a piston which, on being pressed down by the player, lowere 
the pitch of the instrument by throwing in an e.xtni length ot 
tube There are generally three valves, the first of which lowers 
the pitch of the instrument two semitones, the second lowers 
it one semitone, and the third lowers it three semitones. As the 
valves can be used separately or together, they enable the 
nlavcr to lower the pitch by any number of semitones up to six, 
and thus answer the same purpose as the slide of a trombone. 


If we have an instrument in Bt> provided with three valves. 
Fig 119 can be made to represent the notes obtainable with the 
various combinations of valves in the following way : 

Position 1 corresponds to no valve 




9 

1 f 

3 

> 

>> 

4 

1 

99 

5 

> 

$9 

6 

> 

f9 

7 



valve 

P 
> > 

valves 


>• 


2 

1 

3 or 1+2 
2+3 
1 + 3 
1 + 2 + 3 


Here again the scale is complete from a note six semitones 
below the second harmonic. This is generally all that is needed. 
for on most brass instruments the fundamental is not used. The 

Sri riratr, 
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tul);i and soma othor l)rass instruments of the Saxhorn class form 
ex((‘ption<. Their fundamental is of "ootl quality, and these in- 
slriiincnts have llierefore a fr)urth valve, which lowers the pitch 
hy a tdmfh or live semilrmes. With the help of tliis valve the 
pitch can he lowered by any number of semitones up to eleven, 
and tlierefore tlie .liajJ between the fumlarncntal arul its octave 
can i>e bridire<l, 

The introdtiction of valves has ^ireatly increased tiie facility 
with which brass instruments can be played. Rapid passiiges 
can be played on them which would be quite impossible on a 
slide. They sutler however from the defect that, wlienever two 
or more valves are used together, tlie note produced is a little 
sharp. The first valve, for instance, is tuned to lower the pitch 
a tone when used alone. This requires the length of the tube to 
he increa.sed in the ratio of 8 to 9. or the valve must add to 
tube one-eighth of its length. Similarly the second valve 
use<l alone adds about one fifteenth to the length. If now the 
two valves arc u.scd together, the first increases the length 
bv one-eighth, but the second increases it by only one-fifteenth 
of its original length, wliieh is less than one.fifteenth of its 
length when already increased by the first valve. Thus, though 
tlie two valves used separately give a true tone and semitone 
respectively, the two together give a lowering of pitch less than 
tliree .semitones. In most cases the player corrects the error as 
well as lie can with his lips. The error is not very great with 
three valves, and it is pos.sible to force the note down a little 
by relaxing the pressure of the lips. The horn player is in a 
better position, for he can flatten the note by closing the tube 
a little more with Ids hand, whenever he uses two valves at 
once. The error is more serious in instruments with four 
valves, and in tlieir case compensating valves are often used to 
correct it. 

Brass instruments can often be put into several keys by 
tlie use of lengthening pieces or crooks. The Cornet, for instance, 
is generally in Bb, that is to say, it gives the note Bb and its 
harmonics when no valves are used, but it is sometimes put into 
the key of A. by tlie insertion of a piece of tube between the 
nioutlipiece and the instrument. If the valve tubes are adjusted 
to add the right lengths to the Bb cornet, they will be too short 
fw the A cornet, and must be readjusted, when a change is made 
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from Bb to A.' Each of the valve tubes lias a slide like that ot 
a trombone, and it is witli tliese slides that the adjustment i> 
made. 

-Ml brass instruments used at the inesent day have valves 
with the exception of the trombones. Attempts have iieen made 
to introduce valves on tliese also, but without suecess-at least 
in this country. The solemn and dignified (piality of tone of 
the trombone is not suited to rapid passages, and the gain in 
facilitv bv the addition of valves does not make up for the lo.ss 
in purity of intonation. Valve trombones are however common 
in Contliiental military bands. 

302 The Trumpet. Tlie Trumpet is the Treble represen¬ 
tative of the trombone family. It had formerly a short slide by 
which the pitch could be lowered one or two semitones. The 
slide has now gone out of use, and its place has been taken by 

valves. 

The Trumpet is normally in F and lias crooks with wlncli 
it can be put into any key do'wn to B!>. Its tube is nanw in 
proportion to its length, and consequently it can be made to 
eive the lii'-hcr members of the harmon.c senes. The range 
within which it is most commonly used in modern music is from 
the secoiKl to the twelftli members of the harmonie series. 1 lie 
comet is often admitted into the orchestra as a substitute for 
the trumpet, and it will be of interest to compare the two in- 

struments. 

303. Comparison of the Trumpet and Cornet. The 

Trunipot when lowered by a crook to Bb has a iihe about !» t. 
long a,id its harmonics can he used as high as the twelf h. y.e 
Comet in Bb has a wider tube than the Trumpet, and is halt 
the length. In consequence of its wider 
bore the harmonies above the sixth aie 
difficult.to produce. It follow^ that the 
pitch of the highest practicable note is 
about the same on the two instruments. 

The actual sounds of the open notes 
which can be easily produced are shewn 
in Fig. 120, the first series being the 
A triiniDct ^ncl tnt? second 

those ff the cornet. The fundamental is omitted in each ease, 
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as it is not used. Tlie seventh ami eleventh are enclosed in 
brackets, as they are out of tune. 

Both instruments jiive with the help of their valves a 
complete chromatic scale over a range of two octaves or more, 
hut tliere is a great difference in the certainty with which the 

notes can he {)roduced. The player presses his lips more tightly 
together tlie liigher lie wishes to rise in the scale, and in order 
to produce a given note the pressure lias to be adjuster! to .suit 
that note. Suppose the note Bt) in the middle of the treble 
clef is to be sounded. The trumpet player has an open note 

a tone above the Bb. and another rather more than a tone 

below, and if he adjusts the pressure a little wrong, he gets C 

or Ab, when Bb i.s wanted. The Bb of tiie Cornet is not so 

closelv hedged in by other open notes, the nearest being a major 
thirrl above and a fourth below. Consequently, the cornet players 
<locs not need the same accuracy of pressure as the trumpet 
player, and is not so likely to blow a wrong note. This is the 
main reason why an inferior cornet player is less likely to cause 
a catastrophe than an inferior trumpet player. The note of the 
trumpet is so brilliant and piercing, that, even when played softly, 
it i.s easily heard through the re.st of the Orchestra, and, if the 
jilayer makes a mistake, everyone hears it. 

In the past few years instruments with the same length of 
tiilie as the cornet but the shape of the trumpet have been 
gradually making their way into the orchestra, and they have 
almost displaced the orchestral trumpet in F. These new 
trumpets in Bb have much of the certainty of the cornet and 
the brilliancy of the trumpet. 

Tlie Trumpet parts written by Bach and Handel are so 
liigh that they are almost impossible on modern trumpets, and 
a form of instrument called the Bach Trumpet has been devised 
specially for these parts. The Bach Trumpet is merely a straight 
Coach Horn with two or three valves added. 

The French Horn presents tlie same difficulties as tlie 
trumpet and for the same reason. Its best range is from the 
fourth to the twelfth harmonic, where the open notes lie close 
to each other. The bubbling sound made by the horn pla 3 'ers 
wlien feeling about for their note at the beginning of a phrase 
is a note unfamiliar sound in the Orchestra. 
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304. The Saxhorn Class. The Comet is the smallest 
member of a large faiuily of instruments named Saxhorns from 
their inventor .Saxe. The other members are the Tenor Saxhorn. 
Tlie Baritone, the Euphonium, and the Tuba or Et) Bombardon. 
The Tuba i.s the only member regularly u.sed in the Orchestra. 
The Cornet and the Euphonium are sometimes uscfl. the former, 
as a rule, only wlien a Trumpet cannot be obtained. 

The Saxhorns are essentially Military Band instruments, 
'fhev are wide in bore, and therefore in the larger forms the 
fundamentals arc easily blown, and are of good quality. From 
the facility with which the notes are produced they are capable 
of greater execution tluin any other brass instruments. 

305. Tuning the Brass Instruments. The brass instru- 
ment.s are affected by temperature in the same way as are 
i lie Hue pipes of an organ, but an additional complication is 
introduced bv the breath and hands of the player. A small 
instrument, such as the cornet, is soon warmed throughout its 
lem^th to nearly the temperature of the breath and is not 
»'rcatlv affected'bv changes in the temperature of the surround- 
hiii air 4 large” instrument, such as the tuba, contains such a 

<rreat volume of air that it is net much affected by the breath 
of tlie player, and so is free to responrl to changes in the 
temperature of the room. All the brass instruments have a 
short telescopic tuning slide, like the slide of a trombone, by 
which their pitch can be varied to bring them into tune with 
the rest of the orchestra. If the pitch were lowered consider- 
■,blv bv the use of the slide, it would be necessary to adjust 
also the tuning slide of the valves, in order that the additional 
leiK'th of tube thrown in by any one valve might continue to 
bear its right proportion to the total length of the instrument, 
[n practice this is not necessary, for any small defect in in- 
tonation caused by the use of the tuning slu e is easi y corrected 
bv a sli'dit alteration in the pressure of the lips on the mouth- 

piece. 

106 The Drums. The renwining chiss of instruments, 
the nereussion instruments, present feiv features of interest 
that have not been already referred to m the preceding cliapters. 
tVitI, the eveeption of the Kettle Drums tliey are not tuned to 
aVe pIrtieuirr notes, and are merely used to mark the riiythm 
The Kettle Drum consists of a hemispherical shell of metal 
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with a skin of p«ir(-hinent stretciiecl over its open end. The 
tension of the parcliinent can be varied by a number of screws 
distributed round tlie rim. and tiuis the pitch of the note can 
be altered. The practicable range of pitch for any one drum 
is a fiftli. If the parchment is too slack tlie tone is bad. and 
if it is too tight there is a risk of its being torn. It is 
usual tf) have two drums tuned to the tonic and dominant of 
the music, but other numbers of drums and otlier notes are 
often used. 


CHAPTER XVII 

APPLICATION OF ACOUSTICAL PRINCIPLES TO 

MILII AKV PURPOSES 


307. Detection of Aircraft by Sound- During the war 
of 1914-18 it became a matter of importance to find a method 
of locating Aircraft during the night or in foggy weather. For 
this purpose use was made of the sound of the engine, propellers, 

etc. 

Unaided ears arc able to judge approximately the 
direction from which a sound comes, but not accurately enough 


for military purposes. 

Our power of locating a sound arises from our having two 
ears. It cannot depend to any great extent on the difference 

of intensity at the two ears, for ordinary sounds have too great 
'V wave Icnf^th to permit so small an obstacle as the head to 
cast a sound shadow (see § 127) ; and the difference of distance 
of the source from the two ears is too small to have much effect 
on the intensity, unless the source is very close to the listener. 
The difference of phase at the two ears is however not small, 
and it is probable that the ears have the power of detecting 
rliffercnces of pha.sc. and of using these cl£ercnces to judge the 
rlirection from wliich the sound comes. The difference of phase 
is greatest when the sound comes from one side of tlie listenei, 
and it disappears when the sound comes from tlie front or 

back. In intermediate directions there is an intermediate dif¬ 
ference of phase. If a source of sound is straight m fiont oi 
straiglit behind, it is not easy for the listener to decide between 
the tlo positions, for in each case 

phase ■ but if the head is turned round a iRtle the difficulty 
d fannears This is easily tested by closing the eyes and getting 
i:Xr roVson to maUea sharp sound, such as that g.ven out 
when two coins are snapped together. 
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Our itaviriL' two eves enaMes us to estimate the rlistance of 

objects hv the stercoscoj>icetrert, and this power is increased 
if the eves are in effect placed wider apart, as in 1 rismatic 
Binoculars and Kanjre Kinders. Should wc then in a simiUar 
way make our power of locatinj; sounds more exact, if we could 
in effect increase the distance between our cars, and so increase 

the dilTerence of phase , r 

Snell a separation of the cars was used during the war tor 

tiie location of Airi raft. 

Two large conical trumpet.^ are fixed with their axes parallel 
(.n a frainevork which can be rotated round a vertical axis, 
'fhe trumpets are a few feet apart, and the .small eiid.s are 
connected bv rubber tubes to the cars of the observer. If the 
trumpets with their axes horizontal are kept stationary and a 
sc.urce of sound, such as a man beating a drum, moves past 
them, say from the right to the left of the listener, the elVcet 
on the listener is found to be that tlie drummer aiipcars to be 
. straight out on the right until he is nearly in front of the 
trumpets, and then he seems to move rapidly across, until lie 
is straight out on the left. The moment when he is exactly in 
Iront can be determined with considerable accuracy. 

In locating an Aeroplane the trumpets are swept round on 
tlieir vertical axis, until the listener judges that they are 
])ointing to the source of sound. A very small movement of 
the trumpets from this position makes the sound seem to move 
far to the left or right, and it is found that the point of the 
compass from wliich the sound comes can be found very closely. 

This method cannot give more than the direction in which 
tlie sound is travelling when it reaches the observer. The 
source of the sound is not necessarih' in that direction, for there 
may have been refraction or reflexion of the sound waves. 

308. Application to Mining. It sometimes happens that 
wlien a subterranean tunnel is being driven towards the enemy’s 
lines, the enemy is at the same time heard to be driving a 
tunnel towards our lines, and it is important to know where he 
is working and where there is risk of the two tunnels meeting. 
In this case also the origin of the sound can be located by 
bringing it simultaneously to the two ears by rubber tubes 
connected to two instruments named Geophones. 

The Geoplionc consists of a small circular wooden box 
containing a mass of mercury enclosed between two mica discs. 
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of tlif'se discs has adjoining it on the side away from the 
mercury a small air space, wliicli can be connected to the ear 
by a rubber tube. 

If the Geophone is to be used merely for detecting the 
sound of mining anywhere near, without locating the source, 
the two air spaces of a single Geophone are connected sepa¬ 
rately to the two ear.s bv the rubber tube.s. Tlie instrument is 
then laid on the ground. If sound v.brations are passing, the 
inertia of th'^ mercury prevents any great movement of the mi(“a 
discs, though the box itself is vibrating Hence there will be 
periodic changes of volume of the two air spaces, and \\ a\cs oi 
.sound will pass along the tubes to the ear. 

If information is wanted as to the direction from which the 
sound is coming, two Geophoncs are used. One air space ot 
each is closed with a cork or otherwise, and the two remaining 

air spaces are connected to the ears. The Geophones are then 

moved about on the ground until the sound seems to come trom 
straight in front or straight behind. The source ot sound mu^t 
then b? in a direction perpendicular to the line joining the U\o 
Geonhones. There is in this case no difficulty in distinguislung 
between the two directions from whicii the sound might come, 
as tlie enemy is known to be in front. 

309. Location of Sounds under Water. For some years 
before the war signalling under water was m use to a 
limited extent, the sound being received by a submerged 
microphone connected' to a receiving telephone. A great 
rrpehis was given to the method by the prevalence of enemy 
Marines round our coasts during the war, and several appli- 
nn^s were constructed which not only detected the presence of 
a suhnuirinc. but also determined its direction from the obsen- 

'xt methods were h. regular use. Oue of the methods • 
employed two submerged mierophonc.s connected to two tele- 
nhoiies one of which was held to each ear ami the direct.on 

r 1 * 1 fhn <^nnncl cAiiio was dctcriiiiucd as in tlie case of 
from which the 307. This method is 

not very the^ own, and consequently 

definite periods J> vibrations which happen to come 

.^rt pT^d ta th4 own proper tones, which alters the 

A A 


Sn h, 
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cliaracter of tlio .sound so completely that location is difficult. 
A better result is c*btained by using in.stead of microphones two 
simple .small rublicr chambers connected to the ears by tubes. 
Such chambers give fainter sound.s but they have no proper 
]X“ri(jds and .so transmit the sound more faithfully. 


The second metliod uses a different principle. A thin sheet 
of metal framed by a heavy ring has a small microphone at its 
< entre and is hung in the sea. If the metal d se is caused to 
vibrate, sounrKs will be lieanl in a telephone connected with 
the microphone. If the piano of the disc faces the direction 
from \\ Inch the sound wa\ es come, the sound is heard in the 
teleplioiie. u hil.st if the disc is turned round so that the sound 
Avaves travel in a direction parallel to its plane, they will arrive 
at the two si<lcs in the same pliase, and no vibrations will be 
jrroduced. If tlien the disc is suspended in the water with its 
plane vertical and is turned rouiul to face various points of 
the compass, when a submarine is in the neighbourhood there 
will be a position in which the soun<! of the submarine is not 
licard and another position at right angles to the first where 
tlie sound is a maximum. In the former position the source of 
sound must be in one or other of the directions in which a 
liorizontal line in the plane of the disc points, but the observa¬ 
tions will not distinguish between the. two directions. In order 
to got over this difficulty one side of the disc is screened by a 
baffie plate of some non-rcsonant material. The sound is then 
heard most distinctly when the unscreened side of the disc 
faces the source of sound. 

310. Sound Ranging. A very. successful, application of 
Acoustical Principles to military needs 
is that of finding the exact position 
of an enemy gun from the sound of its 
discharge. 

Imagine a gun at G, and observers 
atA.B and C who note the exact 
moment when the sound reaches them. 

Suppose A is the nearest of the three 
observers to the gun. Draw a circle 
with 0 as centre and GA as radius. Fig. 121 . 

ADE then will be the section of the wave front by a horizontal 
plane at the moment when the sound reaches A. The sound 
reach B later than it reaches A by the time it takes to travel 
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tlip distance DB. and it will reach C later than it reaches A by 
the time it takes to travel the distance EC. As the velocity of 
sound is known—correction beirip made for the temj)erature and 
humidity of the air—the oV).serviHl delay of the sound in reaeh- 
iiiL^ B and C as compared with *1 can he converted into distan¬ 
ces. Hence if we wish to work backwards to find the position 
of tlie yun from the observed retardation ol the sound, we 
calculate how' far the wave fi’ont was from B and C when the 
souncl reached A, draw circles round B anil C with these 

calculated distances as radii, anti the gun will be at the centre 

of a circle w hich pas.ses through .1 
anti touches tlie circles whose 
<'entres aie B anti C. Tlie construc¬ 
tion can be made on a map and 
thus the pttsition of the gun w ill be 
found. 

This method of finding the 
j>r)sition of the gun is not simple 
geometrically, but the ju'oblem can 
be much simplified if it be assumed 
—as is the case in practice—that 
the distance of the gun from the 
stations A, B and C is much-.greater 
than the distances ofA,Band(7 
from each other. 

Consider first only A and B. 

We know from the observations that 
G is at some point such that GB 
is greater than OA by a known 
amount. Hence G must lie some- 
whcie on a hvperbola' whose foci 
are A and B, and the direction of 

Xse asymptotes is determined by the observed difference 
the distances of the gun from A and/ j. . • u • 

Let Fig. 122 represent the complete hyperbola which is the 
1 r flifference of w'hose distances from A and B 

tt To-d ^ in Fig. 121. It is knmv. on 

which side of the line AB the gun lies, and it is known that the 

gun is farther from B than from A, 

upp-r half of the left-hand branch of the hyperbola. 



ll“ig. 122 
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If thf Jinn is very far from O, the curve and its asymp¬ 
tote UO will be nearly coincident, and therefore GO may be 
taken as the locus of G. Draw AF anrl BE parallel to the 
asvinjitote. and dra\\’ lines through A and G perpendicular to 
the asymptote ; tlien if OG is much greater than AB the 
difference between GB aiul GA will not differ appreciably from 
the <liffcrence between EB and FA. Tliat is to say, 

GB — GA=FB nearlv. 

% 

\B 

Hilt ^—j- = cos .4/^.Y = cos OOAy which gives the inclination 
A li 

of the asymptote, since AB and BS are known. Further, the 
asymptote passes through the point 0 midway between A and 
B. Its position is tlierefore completely determined and it can 
he plotted on the map. In exactly the same way a locus can 
be plotted from the pair of stations B and C, and the inter¬ 
section of the two loci gives the position of the gun. Nothing 
would be gained by plotting a third locus from the stations A 
and C, for it would not be independent of the other two, and 
must of necessity pass through the same point if the figure is 
accurately drawn. 

It is clear that at least three observation paints are needed 
to locate tlie gun. In practice more than three are used for 
variou.s reasons. The observing points are connected electrically 
with a central .station, where the rrtoment of the arrival of the 
sound at each is recorded photographically on a moving strip. If 
only three stations are used, one or two of them may be put 
out of action by shells cutting the wires or doing other damage. 
If ^alf a dozen are used, the risk of fewer than tliree being in 
working order is lessene<i. 

Furtlier. an increase in the number of stations not only 
increases the accuracy of the location of the gun, but also gives 
an indication of the degree of accuracy attained. Suppose there 
are four stations A, B, C and D. A line on which the gun lies 
is obtained from each of the pairs AB, BC and CD. If 
these, lines are strictly accurate they will meet at a 
single point. This extreme accuracy cannot be expected. In 
general the points of intersection of the three lines will not be 
coincident, but will form a small triangle. The three corners 
of this triangle give three separate determinations of the posi- 
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tion of the gun, and its probable position is within the triangle. 
The larger the triangle, tlie more uncertain is tlie location. 

Similarly if there are more than four stations tiie lines will 
all pass through a small area and the extent of this area is an 
indication of the accuracy of the result. 

In the field the process liere described wonl<l take too 
much time, therefore a plotting board i.s prepared witli the 
ealculation.s made in advance. The board has on it a map of 
the di.strict with the observing stations marked. Consider only 
stations .4 and 7?. A string is pivoted at a point half way 
between A and B. Along the edge of the board are marked 
time intervals between the arrival of the sound at .1 and B. 
and each of these intervals is marked on the board at such a 
point that the straight line from that point to the pivot of the 

striruMS the locus of the gun corresponding to that jiartieular 

timeinterval. Thus as .soon as the actual time interval between 
4 and B has been found from the photograpluc record, all that 
needs to be done is to stretch the string over the point on the . 

scale wliich gives tliat particular interval, and tlie string then 

.rives a line on which the gun lies. Similarly a second string is 
pivoted at the point midway between B and C and this has its 
own separate scale on the edge of the board, so that it can be 
set to give a second locus. The point of intersection of the two 

strings is the position of the guii. 

Tlie moving strip on which the times of arrival of the 

sound are recorded sometimes contains also a record of the 

burst of the shell Tliis enables the observer to locate th(‘ 

point where the shell fell in e.xactly the same way as he locates 

rl the annroximate muzzle 


known to US (luring t ie war, ix, --- 

and so determine the calibre from tl.e curvature of the shell. 
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CHAPTER I 


1. Intensity and Loudness—The Decibel and the Phon- — 

The intenjiHi/of a .sound is defined as tlie quantity of energy 
(/) passing per .second through unit area perpendicular to its 
<liieetion of propagation. Its absolute unit in the (’. (j. 8. 
sN’steni is therefore \ erg'sec. cm.-ov 10“' tvuii ol pou er cm-^. 
In j)ractice. liowever, tjje uidt found more convenient is 
1 microwatt or 10“* watt cm.-, winch is obviously equal to 10 
cr./s sec. cm.- An alternative measure of intensity, quite often 
used, i.s the pressure amplitude (p), with 1 dyne'em.'^ as its unit, 

the two being related to each other by the equation/ = 


where p is the mean density of air and v, the velocity of sound. 
The loudness of a sound, on the other hand, is just an uwra/ 
sensation, and is therefore a physiological rather than a physical 
phenomenon. 

The two terms in fact refer to the external or the objective 
and tlie internal or the subjective aspects respectively. I'oi, 
whereas the former is a definite physical quantity, whicii exists 
independently of the ear and is capable of exact measurement, 
the latter, as indicated above, is simply the degree of sensation, 
depending upon the stimulus of intensity and the auditory 
acuity etc. under the given conditions. And, although loudness 
does‘increase with intensity, the relation between the two is 
bu no means linear and the ear does not recognize a sound of 
twice the rate of flow of energy of a chosen standard as being 

twice as loud. 

Althou-'h there is still some difference of opinion as to 
tlie exact relationship between intensity and loudness, it is 
customary to regard if as a particular case of the more general 
law known as the Weber-Fcchner law.* which is appheable 
within limits to all sense organs and aeeordiiig to which 
the sensation produced is proportional to the logarithm 
Of thr,”ntensity Thus, if S be the degree of sensation pro^uml 

^ ”• TIig law failTi^ear the upper and tlie lower limits of audibility. 
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:uid /, the intensity, we huve 

.s’r=A. log /, 

whore K is u constant of proportionality. 

It follows from this l^w that ^ J ^ ^ 

nnrnl diminution in the sensitiveness (rf. 'd/) of the ear as the 

total intensity of the sound increases. 

For mo.^t practical purposes is the relative intenstlies that 
ninffer and not the absolute ones. The intensity of a sound is, 
tlierefore. often measured as its ratio to a standard intensity, 
thi.s ratio being known as the intensity level of the sound in 


question. 

The standard or the zero of the intensity level chosen is 
uvi «5 or U)-^« microwatts per square centimeter (corres- 
pomling to a pressure variation of approximately ^02 dynes per 
L cm.l this being the threshold of ^ note of 

fi^iency 1001 ) c.p.s. or the limit of audibility of the average 

luiman ear for a 1000 cycle note. ^ 

A sound having ten times this standard energy is said to 
have an intensity level of one'M'. a unit adopted in honour of 
■{lixander Grahuin BelL tlie inventor of the Telephone. A 

smaller unit, the •c/eci 6 pr. which is one^tenih of a is 

however found to be of a greater practical convenience and 
is the one generally used in all acoustical work. A sound, hav¬ 
ing 100 times the standard energy has an intensitydevel of 
2 be.ls or 20 decibels and so on. The loudness scale in bdi is thus 
a hgarithin scale of pouer. In other words, as the intensity 
increases in geometrical progression, the loudness increases only 
in arithmetical progression. Hence if / be the intensity of a 
sound and /p. the standard intensity of 10 *"^ «;a(/s or 10 -^® 
microwatts,cm.", we have 

intensify level in decibels=]0 iogio , 5 

■*0 


a relation whicli is true for all frequencies of the sound and which 
shows that one decibel represents an increase of T2b*, two 

• For, if the intensity level be 1 tleeif.et, we have 1 = 10 logio 

whence logio = ,|,, or ^ =antnog-l or equal to 1‘26, very nearly*. 

Jo Jo 
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dec ibels, of {1’26)* and, in general, n decibels, of (1'26)” of the 
intensity—one decibel increase in intensity (i.e., about 20 per 
cent) being about the smallest change in intensitv detectable bv 
the normal ear, the whole range of whose response is 12 bels or 
120 decibels. 

It may as well be pointed out here that the threshold 
intensity-level (taken to be zero decibel at 1000 c.p.s.) is found 
to vary with the frequency, being higher for a lower value of 
the latter and vice versa. 

The sensation Urel of a sound of any given frequency, on 
the other hand, is the ratio between the value of its intensity 
and that of the threshold intensity for that particular frequency- 
8o that, if I„ be the intensity of a given sound at frequency n 
and the threshold intensity' at the same frequency (a), the 


sensation level in decibels is equal to 10 logj^ 



It will 


tlius 


be easily seen tliat the sensation level of a sound at a gi^■en 
frequency is obtained from its intensity level (in decibels) by 
subtracting from it the threshold intensity level (also in deci¬ 
bels) for that pai'ticular frequency. In other words, the change 
from intensity level to sensation level is tantamount to a sort of 
"adju'^lment of the zero." 

For example, if for a frequency 50 c.p.s. the threshold 
intensity level, in decibels, of a sound of intensity level 100 be 
54. its sensation level will be 100—54 = 46. It follows, therefore, 
that fora frequency lOCOc p.f. for wdiich the threshold intensity 
]e\ el. of sound of the same intensity level 100, is zero, the sen¬ 
sation level will be 100-0=100, i.e., the same as the inlensit'j 
level. 


Now. it might at first sight appear as though sounds of the 
some sensation level will all be equally loud irrespective of their 
different pitches. Tliis is, however, not so for the simple reason 
that not only Is the zero of the scale different at difterent pitches 
but the size or the magnitude of the unit is also dilfercnt. 
Indeed, the loudness of sound seems to depend upon a quantity 
lying in between the sensation and the intensity lc\els. 

To measure the loudness of a given sound, we listen alter¬ 
nately to it and to a pure lone (i.e., a sound due to a pure 
S.H.M ) of frequency 1000 c.p.5., adjusting the strength of the 
latter until it is judged to be equally loud with the former. 
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71,0 inton.itv level of this puie to. e. used foi- .cferciee (uhicli. 
d 10 to the fiequenev being luull c.;..,r. is the sume as i s seiisti- 
M ol" is the,, ..■,easu,x;i. If this be .. deM,, the given 
,d has an equivalent loudness of ,i /i/iniis-snccess.ve in- 
croasc-s In tin- intensity <*f tlie referonc-e ton? menm’-fd ui dcci- 
l„'h |.n»lii( inL' coiTCssponrlini' increases m \ou'hw^s, measured 
u> /i/'oas. the numerical values ot the two being licntical. 

The loudness level* in p/fOHs is very nearly the same 

uumericallv as the inteiisitv leveKs c/toVx/s over a fairly -wde 
range of pure tones, from about :>')0 to 4tii) eyoles per second 

..nd varyin-i in intensity from 40 to K)(» decibels above threshold. 
'I'he close relationship between the 'nhlfctive scale, of equivalent 
loudness, uith the as iU unit, and ihe ohjective scale of 

sound intensitx', with the as its unit, is thus clearl} 

apparent. 


2. LimitsofAudibility.-In order that a sound may be 
lieard, it must possess a certain minimiwi and a certain 

minimum freijuency, ealic 1 respectively the threshold intensity 
of audihility (or simjily. the threshold of fiud'bility), and the 
low r pilch limit of audihility. Similai’ly there is a maximum 
inUnsily an audible sound may possess beyond which the loud* 
ne.ss is so great that the ear e.xperiences a sense of pain ; and so 
.idso. there is a maximum frequency it may have beyond which 
it becomes quite inaudible to tlie ear. These are called respec¬ 
tively the threshold intensity of feeling, (or simply, the threshold 
of feeliruj), and the upper pitch limit of audibility. The least 
audible intensity as well as the large intensities causing a 
painTul sensation in the ear both vary considerably with the 
frequency. 


A very instructive set of curves, constituting what is called 
the awrfioj/ram (Fig. 1), has been drawn by ^Vegel, giving the 
I'ange of tiie average human ear with respect to frequency and 
inten.sity, the abscissa? representing the frequencies and the 
ordinates tlie intensities in terms of the pressure amplitudes in 
dynes per square centimeter, both on a logarithmic scale. 

• Tfial is. “the intensity level {drcibels expressed as phons) of tho 
equally !< tid rcf« r( nee tone alternatively heard at the same place”. 
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Tiie lower curve represents tiie Ihreshohl of nudihilily be¬ 
low Avhich the souiul beconies inaudible, and the upper curve 
represents tlie ihrC'^hohl of feeUnfj. beyond which any fiirtlier 
increases of pre.ssure ani])litiKles hiil to be perceived as increases 



FREQUENCV (LOOAPTHMIC) 

Fi--. 1. 

of loudness. If the two curves be continued either way, as 
.shown dotted in the figure, they eventually meet, enclosing in 
.between tliem a well-defined area, called the audUonj sensation 
area, which defines the limits of audibility for a normal human 
car * No sounds of whatever intensity can be ‘heard' outside 
the area, though they may still quite often ha 'perceived'^ or 
'felt' bv the ear now acting as a simple pressure indicator. The 
followhig points emerge from a careful examination of the two 

curves of the audiogram. . ii r n 

(i) At a frequenev of 1000 c.ps., the threshold of audibility 
occurs at an K pressure variation of nearly -0002 dynejem.'^ 
corresponding to an intensity of 10-^« watts or 10-'» micro- 
watts/cm 2 which, as we have seen, we regard as tlie zero of the 
intensity level and at which the displacement amplitude works 
out to be 1x10-® cm., i.e., about the diameter of a hydrogen 


molecule. ___ 

* In cases of^afnes 3 or hardness of hearing, we come across restric¬ 
tion of this area in different regions. 
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()i) riif car hils the niiiximnni sensitiveness for the least 
au.Iihle intensity) for frequencies lying between 500 to 7000 
,• I) ,s' uliich represent the range of ordinary speech sounds, the 
j»cal< scn.siti\eness of tlie car being for frequencies from 2000 to 

2500 c./)..s. 

(j'ii) Tlie tltrcsliold intdi.^^ity risc.s both at low and high 
frc(inemics.-to a much greater extent at the former than at 
the latter ones, 

(ic) Tlie intensity resulting in a painful sensation in the 
cai‘ is the liiifhest at a frequenc y of about Mit) €.]).>'?., where the 
threshold cd audihilit\’ is fairly low. And. at ItOO c.p.s,, 
tlie ratio helwcen the two pressure amplitudes works out to 
about III* : I. coi responding to an intensity ratio 10*'*: 1, 

which is an enormously high range indeed. 

(r) The lowest audible frequency is about 30 c.p.s. and the 
bighest in tlie neighbourhood of 20.000*. though musical 
sounds can only be heard between 40 and 4000 c.p.s. But this 
too comiuisc.s an impressive range of 11 octaves as compai'cd 
w itli tire haiely one in the ca.'ie of the eye. Further, out of these 
11 octaves, scren are musically available. 

It will thus be seen that the car lias a marvellous range to 
which -t icsjionds. botli in regard to intensity and frequency. 
And, this is one of the n\ain factors that goes to make the ear 
such a vital and wonderful sense-organ of a human being. 


■ Tliis, however, goes on piogressrvely decieasing with advancing 
agf. Tims, from 20,tOUat tho age of 20, it I'educes to about 16,000 at 35 
and to al.tiut 13,0(0 c.p.a. ct about tl.e age of 50, and so on. 
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3- Composition of two S H-M’s at right angles to each 
other Aaalytical Treatment.— 

.i) Composition of two linear simple harmonic motions 
along the sams line — Eft two simple liarmonic motions, having. 
The .'onie time-pciiod. be represented by the ecpiations. 

= a sin iuf and 1/2 ~ sin{w^+^), 

uliere ^ is tlie phase angle by whieli the second motion is ahead 
of the first. 

This phase dilTerenee will throughout remain eon.stant 
l)eeause the time-periods of the two motions arc the .same. 

Now. since the two displaeement.s are along the .same line, 
the resultant disidaeement ?/ will, at any given instant, be ecpial 
to the algebraic sum of tlie two component vibrations. 

Thus. 

Q,. ?/ —" si*' 

= a sin sin to/ co.s cos J sin (f). 

Q,. V = sin {a~b fos <^)-rCOs «>i.h sin (j). 

• Rutting {a-rb cos (f))=a' cos e and 6 sin (l>=a' sin e, 
we have 

y=(t' sin W cos e-, a cos wf sin e. 

Qy u = a' sin («■•*/+<), 

;■ ^ the resultant motion is also a SJIJf., atony the saiue line, 
and has (he same iime-perioi, its ampU‘ude beiny a', and Hs phase 
angle ahead of the first motion by e. 

The values of «' and e may be deduced as follows : 

We have n'sin e = ^ sin 

a' cos e~{a-rb cos ; 

.so that, squaring and adding the two, we have 

a'2 sin*e + a'- co&‘e = b^- ens^-\r’2ab cos 
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Or, 

e'^(sin*«.’-f C’OS*^) = 

=a---b-(siu^- 

S^-r 

cos* <f))-y'2ab cos (f). 


Or. 

ir- = a^-yb'- 

-- '2ah co.s <f>. 


r-.- sin*e4'Cos*c = 

1 ; 




Lalso sin'tfi -rCOS-<j> 

= 1. 

Or, 

/ i o . 

a =\ a-^ 

b'--* 'lab cos 




And 

sin f 

a' sin r 

h 

sin 6 


taiw — - = 

co.s e 

a cos ^ 

a-Yb cos <f) 


Or, 

c =tan~’ 

b sin 4> 

# 

1 g 





a 

4*0 cos <t> 




y.o\\ 

. if f/>=^0, i.f.. if the 

two motion-' 

! bl 

in the. same phase, e 

= 0. 


the resultant motion 

will also 1 ) 0 , 

in ■ 

phase with them, and 



a'=^\ — = \ (n-\b-) ={a'f/^). [■/cosO—1 

i.r.. ihc amplUnilr of ihf. rpsul/ant mofii')n will be equal to (he 
ahjtbraic sum of the amplitudes of the two component motions. 

(ii) Compositicn of two linear simple harmonic motions 
at right angles to each other. —I.et the two simple harmonic 
motions he alon;^ the axes of co-orilinates AV)A" and YOY', 
and let a and b he their amplitudes respectively and <^, the 
phasf diffenurn hetween them. Then, if their displacements at 
any in.stnnt / he .r aiu! y, we have 

x — a sin w/. ... ... •••(0 

and y=.h sin (W-r^). ... 

sin <jt=x:a : [From (i), above, 

and, since sin^ W-i-cos* 1, 

cos* Oil — 1 —sin* w/. 

Or. cos-i^t=l~x^la- 

Or ..i f 


Or. 

Or. 


cos €ti/ 


^ I--’"' V 

V J 


Xow, 

Or, 

Or. 


Or, 


y=6(sin u}t cos ^-i-ros W .sin (f>). [From (ti), above. 
?//6=:(sin vit cos <l>-rCOs u>t sin ^). 

y x , , .r* . , 

b = a ^-a’- y 
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Xow. squaring both sides, 


we Jiave 


t2 


cos^)' = (l 


Or. 


Or. 


Or. 


y X- , 'Ixy , J .2 

y eos-^i- -- cos ^ • sin“ 

+ sm 2 0-"J^cos^ = sin^ 

(eos 2 ^+sinV) —cos ^ =. sin 2 




2rw 

COS ^ = sin2 


...(u7) 


This is the equation to an inclined to the axes of 

tlie co-ordinates, and may be inscribed in a rectande of sides 
la and 26. 


Now. a nuniber of special cases arise 

(a) w.'ien ^=0, i.e., when there is no phase di^erence between 
th‘’ two motion\ — h\ this case, sin and cos‘^ = l ; so that, 

substituting these values in relation (lii) above, we have 




Or. 

Or. 



This is the equation to a straight line passing through the 
origin, such that it meets the axis XX’ at an angle tan-^ b/a. 

The resultant motion is, therefore, along the straight line 
AB (Fig. 2), i.e., the particle describes a S.H.M. along this line, 
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with the mme 


time-neriod as that of ihz lw:> compmznt motiom. If 


the aniplitiides ol tlie twr) nn)tioiy'» 

lie equal, the straijrlit lino -1^’ i.s 

inclined at an anrjle of do to the 
i'xes of .r aiirl 

{h) when <j> = -rr. when Ow 

phiae. d'ff’-ren'-’’ b 'ween the t wo 
motion^ is tt. —Here, sin <^=0. anti 
j.os — 1. So that, we have 
from {Hi) above. 




This too is an equation to a sfriiejht line, passing through the 
origin, htti inclined to the .x-axis at an angle fan-'^ — b ',a ; so that 
(he resultant motion is again a St.H.Mwith the same tfme-period, 
but along the straight line CD (Fijr. 2). inclinetl the other way. 

(c) when rfy — Tr 2, i.e., when the phase difference between the 
two m dions is tt 2.— 

Here. sin^ = l and cos^=-0. 

Sub^titutini these values of sin ^ and cos <f> in relation (iei) 
above, wc have 


1/2 .T* 





Fig. 3. 


This is the equation to an 
ellipse, whose major and minor 
axes coincide with the directions 
of the two given inolions. and 
whose semi-axes are equal tob 
and a respectively. The resul¬ 
tant path is, therefore, an 
ellipse, (Fig. ^), which it des¬ 
cribes once in the time-period 
of each component S.H.M. 

The direction of motion of 
the particle along the ellipse 
may be determined as follows: 
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Since ^ = 2, and x = »-/sin 

we have i/ = ^' sin UJ-r^) =h sin -), 

whence, ^ = 6cos,J^ 

rlifferentiatin^ 1 / witli iV'j);:-! to /, we have 

velocifi/ of (he pirtide *riven hy dif --co6.sin w'. 


Xow. .r and. therefore, sin is jjo'itive in tlfo riulit half of the 
fiirnre. Anri, therefore tlie negative sijin of dif dl means that 
tlje veloeitv of u is negative, i.r., i( i.< din^ef'd doionrird^ in (he. 
riqhl half of th^- firfuro. In other words, (he direcdon of jnolion 
of (he pirdcU ahnj (Jr e(Hpi€ /y do-'h-wise. 


If. on the other hind. ^ = -•'^, 2, 

r2 


?r .r= 


we have, again, 


j.r’.. the resultant motion is again an ellipse. 

Hut, since y = l^ sin (W—tt' 2) —— cos w.', 


we have d>j d(=r.u)J) sin 

i.f.. (he velod(y of y is now posidve, in (he right ha'f of (he figure, 
anri is. tlierefore. directed upwanls. In other words, (he direc¬ 
don of motion of (he pirdde along (hedlipse is now anticlock¬ 
wise. 


(d) when f> = -rr!2, and l)=a, i.e., when 
(he pha<e difference is ir 2, and the 
ampliludes are equal. — In this ease, 

obviously. 

sin <^--sin 2= 1, 

and 003 4> =cos n-/2 = 0. 

/. substituting tliese values in 

relation {Hi) above, 



we have 








«> . ft 

whence, 

This i 3 the equation to a circle, whose radius is equal to 
the amplitude of either simple harmonic motion; so that, in 
this case, the pirlich describes a circle (Fig. 4), once in the 
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scnnc tifiie as that taken In/ any one of the two component motions, 
— the (lireitioii of motion along the circle being determined as 
explained above in the ease of the ellipse. 

A uniform circular motion may thus he rcrjarded as a combi^ 
nation of tuo or similar simple harmonic motions, at right 

angles to tach other, and differing in phase by 7r/2. 

(e) when <f> = TT A, i.e. when the jihase difference between the 
wo motions is tt 4.— 


Here, 


, TT 1 

cos 9 = cos = 




and so also sin ^ = 


1 


V2 


Hence, from relation (itt) above, we have 


^ 4- — 

lA ^ a2 


L’jy 1 


1 


Or, 


y 

62 


a-2 


ah x'2 
X'2xy 


1 


a- 


ab 


which is the equation to an oblique ellipse. 

Hence the resultant motion, in this case, is along an oblique 
ellipse. 

Tims, w#?i’teo perpendicvlar linear simple har¬ 
monic motions compound into a straight line motion, when they 
differ in phase by 0 or tt, and into an ellipse or a circle, when the 
phase difference is tt, 2. 

For any other phase difference, the motion is still an ellipie, 
M’ith its major and minor axes no longer coinciding with ,the 
directions of the two component motions, but being inclined to 
them. 


{/) when the frecutneies are in (he ratio 2 : I, or the iime- 
perieds are in the ratio 1 : 2, and the amplitudes are different .— 
In this case, the angular velocity of the particle in the circle of 
reference of one will be double of that of the particle in the 
circle of reference of tlie other. 


.'. if the two motions be represented by 

x^a sin tat, 

y=b sin ( 2 tu ^4 ^), where ^ is the phase angle 


and 
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by whicli the setond motion is ahead of tlie first, we liave 

T rt = sinW, and cos W= y 1 — sin-w/ ,• 

Jiiid // /> = siii ( 2 to /4 0). 

— sin 2u>f cos ^-i-cos 2w/ sin 

Or. = “ sin w/ cos W cos ^ + (1-2 sin^ W) sin 0. 

[•.• sin 2w/ = 2 sin of. cos «>/ and cos 2W = (1—2 sin^ W)l. 

. . substituting the values of sin and cos «uf from above, 
we lia VC 


?/ 


Or. 


Or, 


Or, 


Or, 


Or. 


Or. 




. . A 


'^x / 3- Y . 2x“ 

~ TT I 0-f sin sin 

a \ a / ■ a‘ 


y 

b 


t 2xr •>x / ;r2\^ 

-- sin 0+ sin ^ = 1- cos 4 ,. 

/ W \2 4:j2/ ~2 , 

(--Sin <^ + ;, sin = ^,(1 ). cos^,<^. 

* ^-^-sin^ ) + sin ^ j cos-cos- 



y 

b 


y 

b 


y 

b 


-sin <j> ^ sin® 2( sin sin <f>. 

= ., cos- 0 — -,-COS^(i. 

«- ^ a* ^ 

\- 4a'* 4i"* 

-sin ^ j + ^4 -S'"' ^4 ^os2 ^ 

f - sin sin -■^^■",co82^ = 0 

-sin ^ ^tcos2 tf,) +^^2^ -sin ^ 

4^-2 . „ , 4 a -2 

—-17-.SHI-o COS*9=-0. 




Jn t'ru. 
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Or. 


Or, 


( ^sin r '! sin ^-(sin=<^ + cos- </.)l-0 

\ i, ^ J a* a- L o -J 


Or, ( I -,rin ^ ^ * 0 "■ 

Thi'i (S' //((’ gcnpral eqtfnfwn for a cnrvr h'lvlnj .'(/?) loops, for 
(imf ralitpx of pho^P diff'renc’ (lii'l amphtud-^. 

l..ct ns now take some p.irtieiilar cases . 

(/) If the pha^p difference, i.e., 6, be equal to 0 or it.— 

Ffere sin = nn-l 

'r 

IP ^ a- \a’ J 

vhich is the equation to the figure of S. 

(m*) Tf the phase air^le <{)='tt 2, i.e., sin <^ = 1, 

wchavo Q--1 ) j -• )=«• 

-■ ()-(¥)-■ 

>a-*y=o- 

Now, clearly, the left hand expression is the perfect square 

(^+FO- 

So that, (2^^+ -^.I )'=0, 

which represents two coincident parabolas, having the equation 


2/2 


r> ^ f> 


So that, 


Or, 


" =-(l - )=-(^ 


y~b 
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X B. AJlcrnaih-fhi. tlie student may. without doduoinir tlie 
general equation {n‘o. (ij3. If. page 0). obtain the re.sultant 
motions in simyjle eases as follows r 

Taking rlisplaecments of the two S.II.M's at right angles 
to each other as 

x~ft sin W. and = ^ sin (w' + 0), 

where is the phase angle by whieh the second motion is aljead 
of the first, mo have 

(j) U'hen ^ = 0, 

x.-=n sin w/ and y — ^ sin <»'. 

So that, X fl=sin oif — ijjh, 

whence, y x = hjn, [see ^3 II. (o') ti. 

whieh is the equation to a straighl line, passing through the 
origin, and inclined to the ar-axis at an angle tan'* bja. (I.e., 
straight line All. in Fig. 2); i.e., the resultant motion, here, is 
along thi.s .straight line. 

(o) when <^=-7r, 

x~a sin (ot and y=-~h sin 
So that, j‘'a=sin tot=~y;b, 

whence y/.r =--—6 a, [sec i ;3 11 , (i/) 6 . 

M hich is. again, the equation to a straight line, inclined to the 
.T-axis at an angle, tan’^—6 a fi.e., straight line CD in Fig. 2), 
at right angles to that in case (i). The resultant motion is thus 
along a straight line, at right angles to that in the first ease. 

(Hi) U'hen <f>=Tr,2, 

x=a sin (at and y=6 costal 

So that, sin (ai = x^a and cos (at^yjb. 
and .*. y2-V+x2/a^ = (sin’^ w^+cos^ (at) = 1. 

Or, yW+xya^=\, 


[sec §3 II, (u) c. 
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wliic'li is the equation to an ellipse, with its major and minor 
axes eoineiding with tlic directions of the two given perpendi¬ 
cular motions, and who.se semi-axes are equal to 6 and o, 
(Fiit. ‘1)- The resultant motion is thus an ellipse here, described 
4)nee in the time-period of each component motion. 

[iv) trlifii 6 — tt and b=a (he., the amplitudes art also 

(fjual). 

.r = a sin u>/ aiul p = b cos iot = a cos *at. 

So that, .sin utt—xja and cos tafz^yja, 

and a“ = sin^ + COS'«*>^ = 1. 

Or. 1, 

wlience. t/^-rX' = a~, 

which is the equation to a circle, with a radius equal to the 
amplitude of either of the two motions. The resultant motion, 
in this case, therefore, is a circle, described once in the time- 
])eriod of each component motion. 


CHAPTER HI 


4. Stationary Vibrations in strings-Analytical treat¬ 
ment.—Here. three fliffercnt cases arise, viz., {l)A\hcn tlie 
other end of t)ie string is free. (2i wljen it is fixetl. and Cl) 
when both its cnd.< are fixe(i. We sliail study each case in 
j>ioper detail. 

(i) When the other end of the string is free. — Imatiine a 
.‘String Aot length/. along wliicli a j)rogressive {.‘dimple liar- 
nionie) wave is travelling towards the right (from .-1 to/ij /.e. 
in the po.sitive direction of the .r-axi.s. which liere represents 
the mean position of the .string. This will naturallv be reflected 
at the end B and will travel back along tiie string ( from B to 
A) vithout change of sign* so that' the incident and the 
]cflectcd waves will interfere with each other. 

l.et the respective equations to these two identical but 
oppositely travelling waves be 

2’Tr 2"^ 

y = a sin ^ (i:t - X ) and a sin ( vf~x ), 

where the symbols have their usual meanings. 

The equation to the resultant Mave will therefore bo 


^=.Vl + .V2 


ZTT 


2t 


or 


y=a sin {vt—x j-j-a sin —(t'M 

h, A 


[■ 


''TT 




=a I sin - ( vt~x )-fsin — ( r/ fx ) 
A A 


] 


or. 


„ . 'liTvt 2 ttx 

=2a sin - cos 

A A 

„ 2Trx . 2-7rf/ 

y—2a cos . -sin —-—.. 

A A 


.(I) 


• Tliis is so because tljo reflection takes pJa-ie at the su.’Xaceofd 
rarer medium. 
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-.liowiiii: that tlie resulting wave is also a simple harmonic 
wave, witli the same time-period as that ot each ol the eonsti- 

'Ittx 

tiient \s'aves am! uith an amplitudo-l/==2'/cos anti 

, , 'l-nvt 

phase ani'le li = - ^ 

Differentiating rc'iation (I) t\ith respect to >. wo get the 
jxinich. velocity at a point in the resultant wave and. simi¬ 
larly. iliffereiitiating it witli respec t U) x. we get the strain. 


an<l 


iifroin 



7) r /1 

'l-nx 

2fTVl 

(A) 

~ df "" 

ct»s 

A 

”a 

cos 

A 

. dy 


'Zrrx 

. -Ivt 

■ (B). 

" dr ~ 

sjn 

A 

sm 

A 


J.et us now see with the hclj) ot tlie.se relations how the 
j)atfern of the re.stiltant wa\e changes at different points and 
at different times. 


('0 At different points-—A careful examination of relation 
(I) altove leads to the following residts : 


and 

(•()S 


(/) The disj)taeement at a point varies eyelieally with time 
is the maxinumi ( /.c’., -r -'/ ) at point.? for which 

has the maximum value 1. i.e., when” = mitt, 
^ A 


w lierem is aiu integer. 0. 1.1*. 3, ete.. or when x=rny\,’2. So 
that. [Hitting 1. 2, 3. etc., we have ^• = 0- -7= A/2, rr=?c, 

-r—3A 2 and so on. indicating that the points of maximum 
displacement. i.<\. the antinodal point,? or the antinodes, occur 
at .f = (). .r=A 2. r=3A 2 etc., at equal intervals of A 2 
from eaeli other And, obviously, this will be so, irrespective 
of the \ alue of 'Ivi f A- In other words, although the clisplaee- 
nient at these points also, as at others, varies simple harmoni¬ 
cally with time, they will always have the maxiimim displace¬ 
ment relati\e to others. 


It is [irecisely because of the fixed positions for the non-pro¬ 
gressive character ) of the maxima of displacements that these 

waves have come to be known as Stationary or Standing waves. 

It will also be seen by substituting cos”^^ =dzl and, 

A 
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1 lu re fore, si'in 


2itx 


= 0 in relations (A) and (B) respectively, 
A 

tliat tlie jarticle velocity is tlie maximum and the strain the 
minimum at these antiiualal points. 

(ii) The displacement is tlie minimum or zeio a( cll liincs at 

points for wlucli cos ^ for whicJi —^ js ecjual to 


TT , '2x (2m-j-l) 

7 /TT— ^ = (2w-r 1)2, or when = 


2 


Or. 


. (2w~l) A _ (2m-i-l)A 

wli(nx=-- - , 


Tlie positions of these points of permanently zero displace¬ 
ment, i.c., the nodal points or the nodes, may also be obtained 
a.s before by putting m = 0, J, 2, 3, etc., whence x = A 4, .f 
3A 4 and so* on, the distance between two successive nodal 
points being also A/2. 

The displacements at all other points obviously lie between 
tliese two extremes, dicna&iny from a maximvm at the antinodal 
jjoinlii to zero of (he nodal points. 

*2^x iliTx 

An<l, again, substituting cos = 0, and, therefore, sin “— 


= 1 in relations (A) and (B) above, we find that the particle 

velocity at the nodal jioint is the minimum or zero and the 
strain the maximum. 

{Hi) Let us consider two points x, and in the string, 
whose displacements are given by 

, . 2int 

y, ^ .4 1 sin ^ , 


and 




2TtVi 


where .4, and are their amplitudes, respectively equal to 


77-r 27rx. 

2a cos- - ^ and 2a cos —^ 
A ^ 


It will be seen at once that although their amplitucles-are 
different, their phases are the sane, (27ry//A), indicating that 
the phase is quite independent of the actual position of a point. 
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Or. to put it ill .simpler latiiinage, all particles attain their maxi- 
rniiiTi <lis|)larenieiits (wliii-h. as we liave seen, arc different for 
different |>artir-le.s) and pass through their mean positions at 
the same time. 

(/d At different times,—Again, from equation (T) above, we 

fimi that // =<>. when sin- - or sin " ™ is zero, and so also is 

7\ -1 

'[■* ^ 0 but that has the maximum value. It follows 
<lr (It 

therefore that at this instant ^ the particles are all passing 
through their mean or equilibrium position, but with different 
maximum velocities. 

'IttI 

And. clearly, for this to Happen, we have ^ = 7mr, or 

T 

t = where tn is any integer. 0, 1, 2, 3. etc. So that, 

putting these values for wi in the expression for f, we have /=0, 

/ = T/2. T. and so on. In other words, the particles all pass 
through their mean position twice in one full time-period. 

^TTX*( 2^/* rfl/ 

Similarly, when cos*” • or cos -=0, y and , have the 

A 1 dx 

maximum values = 0 at all points, indicating that the 

displacement and strain arc the maximum compared with those 
at otlier times, but that the particle velocity is zero at all points: 


And obviously, this will be so when = (2m+]) , 

T 

or when t = —^—[- ^ So that, putting m = 0, 1, 2, 3 etc., 

we have I = T/4, / = 3T 4, t = 5T 4 and so on. Again, 
therefore, this condition is repeated twice in a full time period, 
though an interval T/4 later than the first one. 

A. 5 The above treatment also applies to the longitudin¬ 
al stationary waves in an air or a gas column in an open 
pipe. 


* Because v = nx . 
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iii) When the other end of the string is fixed — Let us now 

consider the case when tlie other end of the strin<? is fixed. 
If liie origin of the t-axis l)e taken at the en<l .-I of the strinir, 
the displacement at an instant / at the end will he given by 

y, =a sin [vt—l) [v here x=l. 

A 


The end B being fixed, however, the displacement there 
will he zero. Tliis clearly means tliat tliis di.splacement at 
B at instant I is just nullified by an equal and opposite 
displa(;ement. There must therefore be a reflected wave at B 
whose displacement there at this instant t is given h}' 

^2 — — a sm —- ( vt~l ). 

A 

If we takeas the origin of this reflected wave and denote 
(listances from B towards A by x', tlie equation to this reflected 
wave uill be 

27r 

— —a sin - {vt — l-x-x) 

A 


Now, we know that.r = I x\ whence x' = { x^l ). Sub¬ 
stituting tliis value of x' in the above expression for y^, we have 





— a sin 


— a sin 


2-rr 

A 

2it 



( vt i- X - 21), 


which represents the reflected wave with .-1 as the origin. 

W’e thus have two waves travelling in opposite directions 
along the string, and the equation to the resultant wave is 

therefore 

y = Ui + 

where y is the displacement at distance x. 

Or, y = o. sin {vl-x)-a sin {vt -f- a:—2/), 


wlieiice ij = ia cos (ct-l) sin ^ (i x). 


• • • • « « 
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i.c., tho n m pi it u ol tho resultant wave is equal to 2^ cos 

-I 

A 

Now. for antiiiodal /)oi»/s. i.f.. for tiic flisplacement to be a 

*^7r 

maximum, we must have sin ( / —r ) a maximum, i.r.. 

A 

sin ^ ^ = ( 2 m 1) , where m is any integer. 

A • 


Or, 


2 ( /-.r ) = ( 2 w ~ 1 ) , 


or, 


( l-x ) = ( 2 m -1- I ) 


or, 


X 


= / — ( 2 w -f 1 ) 


So that, putting m = 0. 1. 2, 3 etc., we have x = I— — 

*3 A ^ A 

/ — ’ . I ~ , '^nd so on. indicating the positions of the 

4 4 

succeeding antiiiodal points, the distance between two succos- 
eive antinodal points being equal to > 2, as before. 

For nodol points i,e., for minimum or zero displacement, 
on the otl;er liand, we must have 


2Tr , 

^ (l -x) =: rmr, 

or. 2{/—x) = mA, or (l — x) = / 

whence. x = I ~ 

0 

So that, putting m = 0, 1, 2, 3, etc., we have x=l x=^(j — J ) 

x = (l—}^) etc., the distance between two successive nodal 
points also being A/2, as in the case of the antinodal points. 

N-B. The above treatment is also applicable to longitudi¬ 
nal stationary waves in an air or a gas column in a closed pipe. 
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(h*) When both ends of the string are fixed. —Let us 

finally consider the case when both ends .-1 and B of the 
string are fixed. 


Obviously, the end .d being fixed, the displacement 
there too will be zero, i.e. y=0 al .r=0, irrespective of time /. 

In other words, sin —0 here, whence " = and there- 

A A 


fore 



IIITT 

I ' 


Substituting this value of “ in relation (11) above, we 

A 


have 


y = 2 ff cos ^ (yf —/) sin ^ -{l — x). 


or, 


.v=^- 


_ ihTTvt . wnx 
— 2a cos ^ . sm 


imrvt 


miTx 


or 


y=Ar . cos ^ .sin ^ , where —2a=A 


This is then the equation to the resultant wave, due to the 
incident and the reflected waves travellinc in opposite <lirections 

21 

along the string, each having a wavelength A = “ 


m 


2’rT niTT 

because*—— ^ • 

Clearly, therefore, if 771 = 1, we have A = 2f, and therefore 
the frequency h, =y/A=f/2f, the displacement being given by 

^ trvt . ■Jcx 

= cos sin* ^ , 


which has the maximum value at x=ll2 and the minimum or 
zero value at x=0 and at x=l, indicating that there is an anti¬ 
node at the mid-point of the string and a node at either end. 

on the other hand, A = 2Z/2=Z and, therefore, 
7 , 2 = 1 ’//, the displacement here being given by tlie relation, 
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'sin , which will have its minimmn or zero 

value, at alllim.s. at .r = /,2, showing that the mid-point of the 
stiiii'i now becoiui-s a nodal point. 

SiinilaHv for m = 3. A = 2/;3, n» — 'ivi'2l and 


at x=-l 3. and at 



so that the nodal points now occur 


It will thus he seen that the i)ositions of the nodal and 
antnujdal j)oints depend upon the mode of (xcitafion of the 
there heinf} (ilivnys an (intinode ni the point at which the 
slriiKj is fxcitfd and all components having a node at that point 
hdng uVngeOor mi'ising. Thi.s is a general rule which operates 
in tlie ease of a vibrating string. 


It is also eloar that the froqueneies, Hj. n^, etc. of the 
din'erent inodes of vibration of the string are proportional to 
the natural nuinbcr.s 1. 2, 3. 


Again, (onsidcring the ca.se wlien w = 2. if we clioose two 
jioints Xi and .r„ on the string such that n\=-(ll2 — S) and x^— 
(/ 2-“f). we have displacements yj and at the two points 
given respectively by 

2Trvi . 2 tt^ 

y^=Ai cos j sin - , ’ 


anr| 


cos 



showing that the displacements of portions of the string on 
either side of a nodal point are in opposite directions. This 
change or reversal of the sign of displacement when a nodal 
])oint is cros.sed i.s a general phenomenon in the case of 
stationary or standing waives. 

5. Stationary vibrations in a gas or air—Analytical 
treatment —As indicated already (page 288), the treatment in 
ease (I) of the last article also applie.s to the stationary waves 
produecfl in a gas or air. Let us, however, investigate here how 
the pressure and density cliange at the nodal and the antinodal 
point.s. 
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We know that the excess pressure p at a «£iven j)oint in a 

gaseous ineilium is given bv the relation. where 

ax (Jr 

is the volume strain ami K tlie volume elasticity of the vas or 
air. its value being (wliere p stands for density). 

Now. since for a stationarv wave, 


(lx 


'JiTX 


'2nrt 


4TTa 

^ sm - sin -- 
?\ A A 


we liave 


47r<7 


'2ttx 


2irr/ 


p=v-.p -. SHI —— sm 

AAA 

•i^a 


Obviously, yV* =maximum prc.ssure P^, say. So that 

7\ 


^ . 2vx ^TTVt 

p = Po sm - sm — ■ 

A A 


Or, 


. 2Trvt 
p=Px sm ^ , 


2Trx 


where Pi = Pj sin - represents the amplitude of tlie pre.ssure 

variation at the point, at distance x. 

Let us examine and carefuUy interpret tliis expression for p 

{/) The presence of the term sin in it clearly indicates 

that the pressure at all points varies harmonically with time 
...i\ fUaf ftie neriod of this pressure variation is equal to 


and that the period 
27r _ A 
2-7rr/A v 


'I’lrx 


{ii) Since at the aiitinodal points cos - -=±1, it is clear. 


that sin - - and therefore Pq 

A 


sin 2Trx 


or Pz=0, indicating 


* This follows from the relation ^ velocity of a 


longittidinal wave-motion through a gas or air. 
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that tlierc aie no changes of pressure and therefore also of 
(Icnsitv at thCsSe points, Jn other ^vor<.ls, the pre-^sure and density 
Ihrowjhout nmnin normal at the antipodal points. 

{Hi) At the nodal points, on the other hand, since 

cos = 0, we have sin —- = d: 1 ; so that, 

7 \ A 



±FoSin 


whi< h sliows that (he pressure, and therefore also the density, 
at these pf>int,s may be greater or less than their normal values. 

I'urtiier, since at all other points the pressure variation 

. , r, • 27rr; , ,, . 2vx . 

IS given bv sin sin and/y sin is nceess- 

A A A 

arily less than Pa. it follows that the pressure and density 
variations are, at all times, less at these points than at the 
nodal points. In simpler language, it means therefore that 
the variations of pressure and density are always the maximvfn 
at the nodal points. 

Also, since the pressure at all points varies cyclically with 
time, [see (i) above], it follows that the conditions of increased 
prrssnre and density at a nodal point are replaced by those of 
df creascd pressure and density half a period later and vice versa. 
Thus, at the successive nodal points, occurring at intervals of 
A 2 each, the excess pressure and density will alternately be 
positive and negative, or vice versa ,—their sign being the same 

"^TTVl 

as that of sin at the nodal point in question, 

A 


CHAPTER IV 


6. Energy distribution in a pr6gressive wave—Mathe¬ 
matical treatment —Ect a pi-o^rcssive ^^ave be represented by 

-TT . 

sin - (r/—ar), 

■ A 

\\ liere y is the flisplacemcnt at distance x from the origin. 
Since velocity is flcfincd as the rate of change of flisplacement 
and acceleration as the rate of change of velocity, we have 

^■elof■ity I'j-of the oscillating point at distance a- given by 
tlie relation 



27rai* 

. cos 
A 


'2ir 

A 


{vt—x), 


and its acceleration/r given by the relation 




'Zir 


a sin 


{vt—x). 




llT 


[ a sin^(r/ —a:)=y. 


Or, ji— 

Now, Kinetic energy = i.(iniiss) x (velocity)*. 

If therefore, we consider unit volume of the medium at 
distance .r, and if g be its density, we have 

kinetic energy per unit volume of the 7ne<iium 


And, clearly, 
niediu in 


f-.' mass of 

= A ) • "^ofthemedi- 

\^um=p. 

potential energy of this unit volume of the 
—work done during its displacement, 
=foree X distance 

= (mass of the medium X its acceleration) x 
displacement. 

=--p x/x X displacement. 
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work flone in a sinall displacement dy of this unit 
volume of the medium 

2 




And. therefore, work done during the whole displacement 
y of this unit volume of the medium, or 

potential energy per unit voluwe of the medium 


=J[ K'Y 

. f2TTV\^ 

P • ) ■ / 

j /2-nv „ . 


2ir 


27rot*\2 


sin^ *' (t7—a:) 
A 

2ir 


sin^ ^ (vt—x). 


7\~J ■■■■ A 


= i P ■ ( 

total energy per unit volume, of the medium 

= its kinetic energy + its potential energy 

, /2vavY , 27r 
= i,.( j.eos- 




. /^TTflV N- . - 

i-ir) 


2^ 


(vt—x) 


(t’^ —a-) + sin2-^ (*;(—a:) J 


, /2Trav\^r 
==ip.( y-;Lcos 

, /2Trav\^ 

Or, since i;=nA= , where n and T stand for frequency 

and time-period respectively, we have ^ =-J, ; so that sub- 

* A T 


ENERGY DISTRIBETICN IN rFOCRESSIVE WAVE 


21)7 


.stitutiiiji 


tliis value of ’ in the above expression we Imve 

A 




to'aJ energij per unit volume of meflinm ^ j ^ 


It will l)c noted tfnit whereas tlie kinetic ener^^v as well as 
the I otential energy both vary with x and /, the t<)l<il enoi^\ i> 
quite indepeiulent of them. 

Let us now tr\' to investigate as to how tliis eiiergv is 'lis- 
tributed in the medium. 

We can at onee sec from the expressions for kinotie energy 
and potential energy per unit volume of the medium that tlr^- 


will have their respective maximum values when eos- ^ 


27r 


= l and sin2 (w-a-) = L this maximum value in each 


ease being equal to Ip. the same as tl>e total energy 


per unit volume. 

Now a particle has its maximum velocity at its mean or 
equiribrium po.sition, wl.ere, tlierefore. it.s kinetic energy is the 
maximum and its potential energy, obviously, the mm.mum or 
zero As its di.splacement from tliis position iiieroases. its 
kinetic energy decreases and its potential energy increases, 
until M hen it attains its maximum disphacemeiit. its kinetit, 
energy i.s reduced to zero and its potential energy attains us 

maximum value. 

Siiue different particles in a wave-train have different dis¬ 
play ments. ranging from zero to the maximum the arer<m 

linflic energy per miit volvtne of the medium may be taken Jo 
half its maximum value, i.e., equal to y ^ j' 


/27rrty \'^ 




Tlie same is true for the potential energy, and so 

we hare average polenlial energy anil volume of the rnedinm 

/"iTTav'sf 

also equal to \ p. ) ‘ _ r* . » - 

Lilrmry Srt Pratap ColUgt, 


Srinagar 
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Thus the cnogij of a j.rcgressive uave, is, at any instant, 
half hinclic and half potential in form. 

N.B. We know tliat volume=area of cross section X length; 

tliat unit volnme = unit area of cross section 

X unit length. 

It foll<)ws tlicrcfore that if ire consider vnit area of cross 
section of the mulium. (he (neryy per unit volume of (he medium 
will al.-o It its energy per unit length. Hence we may say that 
energy per unit length of the medium or of the wave 



Xow, as tlie wave advances forward into the medium, a 
new length v of the medium (equal to the velocity of the wave) 
is set in motion and the energy transfeiTe<l per second is there¬ 
fore the energy contained in a length v of the wave, i.e., equal 

to Ip- ( y.v or ip.r. This then gives the rate of 

flow or the rate of transfer of energy per unit cross section in the 
direction of propagation of a progre-^sive wave, or the 'energy 
current' per unit area, as it is often called. Thus, denoting this 
energy l urrent by C, we have 


y J ■ 


It w'ill be noted again that, like total energy, the energy 
current too is quite independent of x and i. 

Transmission of energy across the medium in a 
stationary wave.“\\’e have seen in §5 (page 293) that the 
excess pressure p at a point (distant x) in a stationary wave is 
given by the relation 


p=Px- sin - 


2nvt 


^nd also [§4 (1), A, page 286J that particle velocity V at distance 
/. ■ dy \ . 

j m this case is given by the relation, 


% 


J. 47rav 2Trx 2vvt 

V — ~—.cos — .cos , 
1\ r\ 
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„ I.CTO, clculy, is the am,,litucle of velocity vatia- 

lu,n at distance a. Denoting this hy T,, therefore, we have 

'2iTvt 

r=i'j.c'os ^ ■ 

Hence, work flone or eiu-iify transferred in a small interval 

of time r/Ms clearly equal to ;). 

And tlierefore. the energy/. transferred during the 

of tl. teriocMc tin-e T of the wave is equal tc. tl. tn^ral ol 
this expression p.Vdi. between tlie limits U to 7 , so tliat 


/, 


And, therefore, the rniP- of transfer of energy /„.■ is given hy 
the relation, 

T 

I - ^ f p.V-dl. 
lav- T j ^ ^ 

T a-,,./ 


/ 


2ttvI 


At* 


Ol 


T 

r J, 


2-m't ‘2TTvt , 
sin ^ .cos-- -t*'. 

Uking P.- and I', outside'the limits of integration, sinee they 

are not functions of time. ^ ^ 

. dl. 

Or, 


Pr.Vsf 

•IT J 

PsA'r. 


'2T 


XO 


In other words, t,i:«er!,y is ,ror.ferre^ ano.s any srMion 

striking resent- 

As will be reiulily seen, alternating 

blance to the "e ,,nd current be in quadrature, i.e., 

dilfer in phase by ^ (measured in watts) being zero, 

trieity, the power ™ reason, called a ‘lo allless' cu iTent. 

Such a current^ IS , foiJ n;g-and the ^artiolo velocity at a 

* * This shows that are, in this case, said to bo in quadra- 

point differ in phase by ir/- 

<Mre. 
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8 Mathematical treatment of Beats.—e have seen 
in of the Text (pa^'e how brats are formed \\hcn two 

note.s of nearlv the same fte(|ucneies are sounded together— 
their fre(jiieiuy {i.r.. tlie nunil)er of heat.s per second), being 
e(|ual to the difl'erenec between tlie frerpiencies of the two 
notes. 

We shall now proceed to .see liow the same results may be 
arrived at mathematieallv. 

V 

Let two note.s of slightly difTering freqiieneies n, and 7 ^ 2 ^ 
(where be sounded togetlier, such that the equations 

to the waves rlue to them are 


sin 27r«,(. 

and .Vo—''/ .‘*in 27r7t2L 

it being assumed, for the sake of simplicity, that their ampU- 
finl/s are cqi'o! {viwh he'in^ c(.\\vd\ to n) and tliat they are both 
in the sarnr phase to start with. i.e,. at time (=0. 

As the two waves travel onwards into the medium, the 
equation to the resultant wave produced is clearly 

.V=Vi + V 2 =« sin 27rn,/-t-rt sin 2Tr7ut. 



which represents a periodic vibration of amplitude 2a cos 

( * 2 ‘*^**^^ ^ frequency ' ^ ”, the arithmetic mean 

of the frequencies of the two notes. 

•This is in accordance witJi the well-known trigonometrical relation 
sin A+sin B^2 sin ( 
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Tt vill be readily seen tliat the (impUln^h of Otis rctiidi'nuj 
■jH i ioJic vibration do‘s not r(:niain connkint but that it i^ a Junc¬ 
tion of lime, its value ranging between a niaxiinutn, nearly 

equal to -2a* [wlien cos 2-rr and a minimum, 

i.f-., zero |wlien cos ’2tt ^y /=0]. 

Now, since the intensity of sound is directly proportional 
to the square of the amplitude of the sound wave, it is obvious 
that the intensitv will be a maximuni in the former and a 
minimum in the latter case. Let us calculate tlie interval that 
elapses between two successive maxima or minima. 

Quite obviously, for the sound to be a maximum, we must 

have cos 27 r - ±h i-e., 'T>{r,,-n.)t = krr, where k is 




any positive integer, whence it follows that 

k _ 

(n, —Wo) 

So that, putting k=0, 1, 2. 3. etc., wc have 

,, , f 1 ^ t — ( _^ ^ t — ( - - and so on. 

Clearly, therefore, the interval between two successive 
.naxima is equal to ), or their frequency is (n.-ru). 

Similarly, for the sound to be a minimum, we must liave 

cos 27r = 

2k-^ 1 

A^hence 




2(«i-«:>) Sri ■- 

So that, again putting k=0. 1, 2, 3 etc., we l.ave^^^, ^,V.: ,j,.. 

1 3 5 _ 


t = 


2(n, —Ws)’ 2(wi—«2)’ 


and so on, 


.^ee Chunter 11. where it is shovn that the d.minut.on is not strict y 
proi-nrUonal to the increase of p.essnre except when it be very small, 
which is generally supposed to be the case. 
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that the minima also oeeur regularly at equal intervals 
- ) each, i.r.. tlioy too have a frequency (nj-Mz)- 

Aiul since one maximum and one minimum or the interval 
between two sneeessive maxima or two successive minima 
means onf hraf, it follows that the numl)er of beats protiuceci 
jx’i- second, i.e., their frequency is equal to (Hi—^* 2 )- 

\Ve may summarize the above results in a general \\av by 
stating tliat the resultant of two simple harmonic vibrations of 
nearlv the same frc(juene*es is al.so a nearly simple harmonic 
vibration, witli a frequency ecpKil to the aritlimetic mean of 
tlie frequencies of the two component vibrations aiul an ampli¬ 
tude vars'iug from the sum to the dillerenee of the two compo¬ 
nent amplitudes, the frequency of tliis \ ariation being equal to 
the ditferenee between the frequmicies of tlie two parent 
vibrations. 


CHAPTER VIIl* 


9. Damped Harmonic Vibrations. —Before aediaKy deal¬ 
ing witii damped vibrations, let us reeapitulate what we iiave 
done before about simple harmonie vibrations. As we have 
seen therr*, the aeceleration {dy dt') of tlie particle executing 
such a vibration is given by —«>’.//. where v is its flisplaeeinent 
from its mean or equilibrium position and w. the angular velocity 
of the particle in the circle of reference, (the —re sign showing 
that the acceleration decreases as the displacement increases, 
directed as it always is towards the equilibrium po.siiion). The 
equation of motion of the particle may therefore be put in the 
form 


dr- 


-f = 


We may now solve this equation differently by putting 




dhj 


or and, therefore, . , =ur.A.t 

df 


v = A.e^‘', 

V 

This value satisfies the equation if 


fn( 



m-.e”'*- -r 

-0, 

or. 


=0, 

or, 

4 

=0. 

So that, 

m 

— rtiw, 
e*"-' and 

the equation being satisfied by y=> 


where i = — 

-- —-^ V 

A"am since the equation is a linear one, involving ?/and 
its derfvatives to only the first power, any Imear combination 

of these two solutions wdl also satisfy tlie equation. So 

that, we have another solution, yfz., 2/ = -^^ !•« + .-Ij.e_^ 

- . The ^udent 

to 1'Taln‘tho more eommonly used notations in Simple IJnrmon.e 
Motion oml elsew here. 
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i}ii> hein*: tlie most general solution, 
arl);trary constants. 


with .-ii and J 2 t'vo 


We may rewrite the solution as 

^ = .di(cos + i sin + —* sin ^0 

= J cos sin 

= (? sin ••• '•• •••*^) 

A 

w here C —\ and 5^ = tan * ^ . 


It is clear that the values of C and ^ depend upon the 
initial conditions. But // has a real value for any real value of 
/. C and are also real, though --1, and arc complex quanti¬ 
ties. Tims, if y = 0, when /=(). ^[‘is also zero and- is the 
turning value of y, occunoa first when / —7r,2w. 

In other words, the time-period of the vibration is 2ir/o, 
and its frequency w 2ir, the amplitude remaining constant at 
C, as shown in Fig. 5. 



Fig. 5. 

In actual practice, however, the amplitude of the vibration 
goes on gradually decreasing, due to forces like friction, air- 
lesi.'itance etc., resisting or opposing the motion of the vibrating 
particle, and steadily decreasing its amplitude, until it finally 
comes to rest. Such vibrations are called resisted or damped 
vibration^, and are the general rule rather than an exception, or 
else there would hardly be any emission of energy, the[ system 
becoming 'consen'ative\ 


DAMPED HARMONIC VIBRATION’S 



\\ Iicn tJ.e iesi.sting foifo is tine to motion tln<m‘'h a flui'l, 

lilvO air, it is. to a tn.st approximation. jno])ortionai to tin* 

vc‘lofit\-.* 

% 

Talcing' tliis resisting ibrco to be ‘2f: pi r mill inoni^ jier mill 
rilocifi/. ulieiv /. is called the dmupiwj roijftcienl. tlie ecpiation 
of motion a.<snines the form 

d-i/ dff 
■' —21:. • 


(li- , Of 

Trving again a.s a .solntioin and. llierefore, 

.j ^,m/ jju,j (jjat the value satisfies if 

at " ■ di- 

m-A- 

l.e., when /a = —/.’i V 

Tlje general solution therefore becomes 

the .Ktiwloi eNact form ..r the solution .lepeiuling, of cour.se, 
upon tlie relative musnituiles ol /.• aiul . . Let us tliereioic 
consider the dilferent cases that a^se. 

(,) I 17 ;r« /:>.», so that x .'s real but less than 

Here, obviouslv, >j consists of two 
tei ms both dying oH cxponeiuudly 
to zero, as shown in Fig. b ; so . 
tliut. theie is no vibrat.on at ail. | 

As for example, when a penflulum 
moves in a dense licpiid like thick 
„il or when a moving coil galva- 
nmneter is unduly damped. .Such 
a motion is called v/pfrn.cfic . 
orn-dampal' or 'dead ban . \\ o 

hardlv come across any tuch 
cases.'however, in our study ot 

sound. 


dt 




..-(A) 





Fii;. 0. 


II Aeti /.• = ...-Iu tliis “ISI-- ‘iK' I"’.'' 

have"X^tio„ of the 

,i;a thought has gone tu.o i,s inv^tigation. Ma.ersH (a Ru-aian) ha. 
tliowu that for ordinary vdocit.os t « e. 



appendix 



II as t Ik- caso 


„f cnlicr,! dnmi.inrf. the .lecny of;/being 


\eiy cjnick with this 
{//'(') ir/i'ii /■■ 
iinaLiinaiy (juaiitity 
tliat wc have J' — h- 


vahio ‘if /•’. _ 

V,.—Wilii this value of A-. \ is ai) 

and rnnv he taken to he equal to ip, so 
= 7 >-. Tiic solution therefore now becomes 


, j A-l'-ip}( 

And, therefore, in precisely the same way as shown above, \ye 
luive 

y = C.e-^' sin (H) 

Conipariii}.' this witli relation (I) above, we see at once that 

((/) the amplitude is no longer constant at 0 but dies ort 
exptinentiallv according to the factor t as shown in Fig. 7. 



Fig. 7. 


{h) the frequency changes from <>);27r to p;2fr, where 

p = \' 

This change in frequency is. however, very small if the 
damping be small. 

10. Analytical treatment cf Forced Vibrations-—Suppose 
we have a vil>rating system to which we apply an external perio¬ 
dic force to prevent its vibrations from decaying away,—the 
time-period of this periodic force not necessarily being the same 
as that ot the system itself. Obviously, then, a tussle ensues 
between damping and the external periodic force, the former 
tending to retard the motion and the latter tending to maintain 
it. The result, as wc know, would be that the vibrations ulti- 
mately acquire the frequency of the external force and settle 
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:]<)\\ n to a (v'rlain constant value of anipliliulc an I piuisc so 
loii^ as this externa! ‘drivinii’ force remains operative. In tlu* 
])articuiar ca.se in which the time-periods of the Vjhratimt 
svstem aiul rlic applied j)eriodic force ajirec witli each oilier, "e 
have the ])henom •non of resonaiK-.''. L(‘t us deduce the.se results 
analvlicallv. 

Let the external periodic fore' applied /)'0- unit mns-^ 
he F sin 7/. where F is its maximum value and 7 l’tt. its fre- 
queiK V. The cquath>n of motion then obviou-sly becomes 


dh/ dif 

(IF (U 


isi 


'f/=F sin qt. 


... (Ill) 


Choosinj: }/ = A sin (qt-G) as a particular .solution, so that 

'|■^ = .•I7OO5■,v^-0)all l =-.- 1 ?® sill (?'-©), nml writing F 

iin cil = F sin [(7t-e)-i ei = flsin (,(-0)co.s9 + cos(7/-e)sin 6], 
we find that the expression 7 = ,4 sin (7'—9) will satisfy equa¬ 
tion (III) above, when 

— 4 (F sin (7/ —0)-|-2A-.d7 eos{7< —{qt -G) 

= F[»m(ql—G)cosG-. cos(7<-0}.sin01 ... { 1 \’) 

Since this relation (IV) hohls good for all values of Mhe co. 
clficientsof sin {qt-G) on either side of the sign ^eqmdity 
must be equal, ami the same must be true of the coefficients of 

cos {ql — G)- 

Thus, 0 ... (i) [coeffs. of sin(7/— 0 ). 

and ' 2f:.Aq = FsmG ... (*0 (coeffs. of cns(7/-0). 

Squaring and adding expressions (i) and (uj above, we Iiave 

rl=-^- 

and, ilividing {il) by (i) , we have 

0=^- (the value of sin 6 being positive)- 

I It—A <^\n (ot—B) satisfies relation (III) 

f itreTive these particular values. It tlierefore re- 

for y, if ^ ^ nf fi-pouencv ff ’2^-i.e.. the same asi 

rfol the liTir'oscillation, but lagging bdiind it in pl.ase 
by ©“which must^he between 0 and rr. (sin 9 being positive). 
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'riic> v;.Ii.iity •>f this solution will still remain unimpaired, 
r. .. the cfjiiation of ttKttion "ill still be satisried. if to the 
<.f v- as .lerivod above, wo add another value of it. which 
"ciild. bv itself, make the left hand side of equation III equal 
to zcfo : *is. fni'example, the value /',V'^'''sin (/V + S') of it from 
..,uaii(iM // (pa^m.'hO). of the preeedin^ article. 


'riius. 1 he eomplete s«)luti«jn to (*(juat.oii 
HI will be ( V ^^cing equal 

V ~ !'• sin (p/ — D -t - I sin (/// — 61 ). ■ , ^2 

where the lir>t teriri on the ruilit hand sale ( 
lepresents the initial free but damj)ed oscillation.s. of the na- 
lural damped freuueticy ;; ^ir of tlw sy.stem. uhieli gradually 
die out exponentially, f.e. (in j)roportion to eventually 

l)e(onbng (juite negligil)(e ; and the seeoiul term represents the 
forced oseillations, of the '^orc'nnj q 'lir, and having a 

((>u>tant am[)Iiturle*—these latter alone remaining effective 

:'.ft{r a little time. 


11. Phase of Forcsd Vibrations—We have seen above that 
tlie foreed vibration .d sin (',7 —@) is a phase angle 0 behind 

the <lrivini: force /^sin ut, wliere i9 —-.r—It is thus 

clear (bat the ])ba.se dilTorence between them depends upon the 
amount of damping (A ) and the relative values of «* and q. 

If the danijiing be negligible, we have the following three eases : 

{/) W'Hii q< v>. {.f .. irlun Ilte forcing ’requincy is hss than 
till untnrul nnilnmp'd Jriqnfnaj of the si/Mi m, the value of tan 0 
trill hr ft st/iall po'-iUve qiiantihj. and the forced vibration will 
(ht rvfote he v< nj nearly In phase with the driving force. 


(it) 11 q_ •('». i e.. trhen the forcing frequt ncy is greater 
than the natnia! nndanip(d freque cy of the.<y9i(w. tan $ uill 
hare a small negulirc valnr, so that the phase difference betwecii 
thr lira ivill hr nearly equal to tt or half a period. 

(Hi) U hen q — ut, i.e.. when the forcing fregitency is the 
.same. «.s the ntfural undamped frtquency of the .system, the. value 
<ij fan 0 becomes injinltc ; so that the. phase difference beticcen 


*lf tljc frequency c.f tho forced 0 ;cillation be nearJv ecjual to ihut 
oi tlio natiirnl oscillation, even Ualft might be luaid for u little while, i.e., 
so K.ng i.s the i.inpliitido of the latter oseiUati^ ns remains comparable with 
that ot tho former ones. 
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ih in noiv becomes tt '2 or a ({ii'irl r of a /n rio f {thowjh ike vdocilij 
of the sysUiii rrm'iins in pho^e ir:/lt Ihe (Irivin’j fore-). 7'his i'- 
then Iht case of tni-: rcson iuce. 

If. on the otlier haiKl. the damping be apineciable. the 
pliase difference gratliially iiiereases, being small for slow foiv. d 
vibrations (i.c.. when then ineivasing witii the freijiiency 

of the driving force (depending up in the degree of danipiiiLij 
and lin.'dlv attaining the value -rr 2 at tIr* stage of resonance. 
The forced vibration then attains its maximum disjilacement 
when the driving force is just passing through its taiuilibrium 

position. 

The phase oftlie forced vibr.ition thus varies with the 
frequency of tlie driving force-tlie rate of ehanu'e of jiluise 
bein<i more I’apid. the less the \alue ot A‘. since tan Q cc k. 

The general nature i . _ 

of the variation ot the 

(f 9 ) as the fre- ''(/ 

duency of the forced vib- \ / 

ration'pas.scs through the 9 , 5 / 7 ^ '11/^ 

resonance frecfucucy is __ 

shown in Tig 8 , where . 

the dilTcrent curves corr- ^y^l\\ 

espoinl to different va- 

lues of the damping fac- 1 ___ 

tor (A-), increasing from q.^u) 

than zero but less than 

10. in curves 2. 3 ami 4. Resonance froduoacy 

As will be readily seen. 

(0 in lh>. nhinic’ nf,limping the curve runs .lloug the irvquenc\ 
axis. fro... to 0 to .» a..<l forc/^.,,, agaii. paial cl to i , 

(listai.ee rr from it. anil all curves pass Ihiough Q-tt,-. 

when «7 = w. 

12. Amplitude of Forced .Vibrations-Sharpness of Re¬ 
sonance.— We have seen above, (page 300. that the amplitudL 
of the forced vibration is given by 


^5U> 


R.>soiiancc froijuoticy 


Kig. 8 
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which shows that the amplitude of the body or the system, 
forced to oscillate, depeii'ls upon the relation between <u and q— 
the greater the value — the smaller the amplitude and 
/•}<•<? versa. The maximum amplitude A,n will therefore obviously 

f 

be—.— ’ when o; = ( 7 . I.C., when the natural frequency (or the 
'2L(j 

free perioil) of the body or the system is identical with that of 
the impresse<l or the driving force. 

This is the case of resonance and, here, with k=0, i. e., in 
(he of damping, the amplitude will become infinile. Since, 

however, k is never zero, this condition is not realized in actual 
practice. 


In general, therefore, with k having a finite value greater 
than zero, the forced amplitude will be the maximum when the 
expre-ssion for .d above has the minimum value, i.e„ when 

i {^—>r)+-ikY- I = 0, 


or, 

or. 


dg { 2 > . - ■ 2 f 

~4(^^-q^)q~hSr-q=0, . 


A 

2 


''hence, q=^(,J-2k^) 

In other words, the forced amplitude will be a maximum when 


A 

/ 2 _ 02 * 2 \ 

the forcing frequency=-^vhich, as will be readily 


seeii: 


i.s neither ecjual to the natural 'damped' frequenc)' {u?—k^)^j’lTr, 
tpage 306), nor its natural undamped frequency w/2'7r, but is 
lower than eitlier. Putting this value of k in the expression for 

A above, we have ‘ ^ 




or, 


.*1 = 


F 

2k(q^-^k^^ 


indicating that the value of the maximum amplitude is greater, 
the smaller the value of the damping coefficient k. 


SHARPNESS OF RESONANCE 


311 


Furtlicr-since it IS tlie difference between ami - 7 - j.c., 

wbieh controls the amplitude A ot the forced vibration, 

it follows that .1 will diminish both when >q and when 

. I . 1 . 




Fig. 9. 


Fig. 0 shows the relation between c/"), taken along the 
.r-axis and tiie forced 

amplitude . 1 . taken idong | 1 '“° 

the 7 /-axis—tlie diflerent xl 

curves corresponding to l/,\\ 

<liflerent value.s of the //[ \\ 

♦ lamping co-efticient ljA\\ 

It will be seen at a glance y//‘^ 

that the peak value of .-1, ^ Ij 1 

i.t., A,^,= ’ occurs at 

in each case, 1 < 

The following further 9- 

points are clear from the curves . 

1 With/-^O i.c. in the absence of damping, A„t is in- 

irsS 

neCcr actuallv attained ,n pract.-a ami a cune i.Ke 

coHCspondina to i = l is obtained mstead. „ . , 

(01 The peak value of A... is different for different values ot 
r,e (laJnil^g SL-ient C, and diminishes with the mereasc ,n 

the value of the latter. 

C) For smaller values of the fall in f J 

is steeper than ^ la.ge Sum of Urn 

- 100 , a.. 

H :"iiows at onee the.«, wHh^ iarge_^mping^ eo- 
effiejent, resonanc^_ maj^^^ 
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On tlic (-tlicr liarul. \vit)j a 
ofHcicnf l\ I hi'ani})litii<le of tlie 
Iroin iIh- peak vahie us siiori as 
\alnc. at h uloiK* uo liavo 1 

put it in sinij)!er \vor(ls, tlie i'esf)iiaiu'e is 'sharp Ijere. 

]1 is thus clour tliat iho resonance is jlat or sharp, according 
as the value of/.' is iarg(‘ or small. As hiniiliar examples of 
tlafnoss and sharpness of resonance may he mentioned the 
icsoiiiUKe of an air column and the string on a sonometer res- 
))e(ti\cl\' to a L'iven tuning f(*rk. J)ne to its large damping 
c<a*ni< icnt. tin' air colunni. in the former case, responds over 
a fairly wide range to tlie tuning fork, so much so that it becomes 
(juite didicult to obtain the correct point of resonance. In the 
case of the sonometer string, on the other hand, the string, 
hardly res[)onds appreciably (or does so only over a comjiara- 
tively very limite*! range) until the exact point on it is reached, 
when it almost suddenly ‘swells’ into vibration. . 


small value of the damping co- 
foreetl vibration falls rapidly 
— departs from its ;:ero 
the maximum resonance ; or. to 


13. Velocity and Energy-Intake in Forced Vibrations.— 

(/) ih/orj7//.—After .some time from the start when the 
natural oscillations of a body or system in forced vibration die 
«)ut. the solution to ecjuation III. (§ 10. page 307), becomes 

y~A sin {qi — Q). 

Differentiating this with respect to /, we have 

cos (<?/-©), 


which obviously gives the velocity of the body or the system- 

have the maximum value when 
cos ( 71 — 6 ) = ], when ij=0. And this maximum value will 
then be Aq, called the Vflocilij ampUhtic. 


Now, ns we have seen before, .-1 = 
So that, the velocity amplilude, Aq = 


F __ 

{(..,= -j=)= + 4iY} = 

_r?_ 


or 


I V a ^ } 
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And. evideiitiv. this will have the maximum value, when 
the denominator will be the least, i.f .. when (o“ —r/-)-'-b. <>r 
or = or = this maximum value beiuL' F '2f:. 
In other wo!<ls, the veloeiiy amplitude will have the 
maximum value /■’2/.-when when the forcing or the 

driving frequency i.s the s'amr as the natural frequency of the 
body or system in r]Uestion. in the ah-i nre of oiii/ dai/ijn >ij. 
The oscillatloms produced thus are usually called 
o.'^ciUationa to distinguish them from both free and forced 

oscillations. 

{ii\ Ennt/i/Jnlnhe.— As^yoknow.tho velocity, ami there- 
fore, the energy of a vibrating body or system is the highest in 
its mean or t^uilibrium ])osition, when its displacement is 
zero. Hence the maWmam nifrj'/ pzr unit oi a^^ bmly or 

system, executing a joraid vihrntion, is equal to i 

uhieh, as we can rea.iily see. is inv^rsch, proporiionul io ihe 

K'lnnre of the damping ro(_(}icifnl I:. 

Now, work done against damping per unit mas’t per cyd i. 

Slivon hy jik. -f , iy, the i.,lcgr«tion extending over the 
whole cycle. 

And, sinee = Aq cos (?/ -6), and. therefore 

dy = Aq. cos {qt -Oydl, we have 

work dona per vnit mass per ctjc.h 


ATTlq 

= / - 
J 0 


'2l:.Aq cos {ql-G).Aq-eo%{qi-()yd>- 


= 2kAY f <:os-{ql-0).(ft- 

J 0 

TT ( Tlie mean value ol 

^2kA'q-.— ] ^.os^gt~e) over a 

= 2'nA^.q.k. i 

And t herefore, energy dissipated tt.c 

- 2‘irlq 
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Or. siihstitutiiiti the value of --I in tlie above expression, we 
eueruy fiissijjutefl per unit mass per unit time 

This tluMi is the energy taken from the <lriving source in unit 
time, and oliviously has its maximum value F- 4k when 7 = 

To sinninarizc. the following points emerge from the mathe¬ 
matical analysis of forced vibration and resonance in the fore- 

% 

going articles : 

(/) The )iafural firquency of a body or syslem, in (he 
absence of (himpinq, is equal lo tchere is the nstorinq 

acceleration per unit displacement. 

(ii) If the body or system be subjected to a damping force 

of '3k per unit mass, the frequency reduces to p 'irr, where p — 
1 

iw^—k^)’ —the amplitude of the vibration dying off exponentially, 
{i.c.. in proportion to 

(Hi) If t) the damped oscilhtion of case (ii) a periodic 
force, of frequency q ‘3rr, be applied, the natural oscillation of 
frequency p 3Tr present in the beginning soon decaya out and 'the 
body or th( ■'‘ytlem eventually acquires (he same frequency qi2‘tr, 
the amplitude of vibration remaining consU>nt. 

(ir) The amplitude of the forced vibration has its maximum 
value nhen (i’ = p'‘~ k-=tJ^—3k-. 

{v) The forced vibration lags behind the driving force in 
phase— the phase lag increasing to tt 3, when q~v>, i.e., in the 
case of resonance. 

Ir<) The sm-iller the damping^ the greater the sharpness of 
resonance, i.e.. (he more pronounced (he effect of mistuning. 

{vii) 7 he velocity of the body or system in forced oscillation 
IS the (greatest in its mean position when = and so also is the 
(ncrgy.inlake for maintaining the oscillation,—this being the 
normal condition of resonance. 

(rni) The maximum velo<'ity at resonance as well as (he 
^nergy iniake per unit time are both inversely proportional to the 
(lumping coeJJbAenl k. 
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14. Mechanical Impedance and Reactance.-\Vc liavc seen 
in tlie previous article how tl.e r elocity of the body or tlie 

system, in forced vibration, is given by 'yj =A.q (cos ql-Q), 

% 


F 

M hence, putting = 


1 


- , cos 'at— 6), 

\ I * 




l z 


Substituting 
•! the \’aluc of 


«and k ~ , where .s ami r represent 

m 2m 

I lie spring or stiffness factor or restoring force per unit dis¬ 
placement and the resistance constant or the retarding force pei 
unit velocity ; and, remembering that F represents the applied 
force per unit mass, we have 


dt 


F 


Or, 


wliere Z = 


ri-Ll 


/ 


mq 


{ ) } 

(31-e) 


— • cos {ql-9). 
I '2 


A-3 


I 

I - 
• « 


) 


K ^ q 

This relation, as will be readily seen, is analogous to the 
one we have for alternating current,—the velocity here replacin', 
tbc current, and the periodic force applied replacing the altcrnat- 

ing electromotive force.' 

On this analogy, therefore, tlie term 

7^ is called mecha7iical unpadena ■, fur. 

the velocity increases as Z decreases and n'cc t-cr.a. 

\ • ni-t ns electrical impedance consists of two terms, 

Wc J also we And Jlie mecl.n.^ 

impedance here ^ ferms by the 

respectively. 

\s will be readily seen, tlie meclianical reactance here 
•tVof the different betiveen the mass reactance and the 
Srei rLal" . It follows,'therefore, that at low fre- 
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t|uc-nc'ics. when the latter is greater than the h.rm’r, tl.e nieeha- 
,!;eal impeclanee is negative. Bat. - the fre^n«,e 2^ of e 


pc‘ 


ri.Hlio force increases, a sta^re reache'i where the reactaiu. 

r/-= ■'* . At this frequency, there- 


l>C‘C')m?s z:'ro is .r ^7 




q or 


fore, the displacement as well as tlie velocity have their largest 
amplitu(le.s. i.e., resonance occurs. It is. therefore known as 
the rcso/i'iHCc jraqu^ncy of the sy.stcin and is equal to the ire- 
(|uency of ih? applied force (i.''.. 7 =j>). 

But. as the frecpiency continues to increase further, the mass 
reactance mr/becomes greater than the stiffness reactance-^ 7 , 
.so tliat the total mechanical impedance now becomes po.sitivc. 

Obviously, when the reactance becomes zero, the value of 
tlie mechanical impedance is equal to tlie resi.stance r, and when 
the resistance is zero the meclianical impedance is equal to the 
reactance (w'/ —s* 7 ). In the former ease, the resulting velocity 
of the vibrating sy.stem agrees in phase with the applied force, 
and in the latter, there is a phase lag of tt 2 between the two. 
But when both reaetance and resistan"*? have fiinte values, the 
[ihase lag between velocity and the applied force lies between 
b aiul 2 . 


It is clear from the expression for / above, that With k — 0. 
i.''.. with the damping altogether ab-sent. Z==x. for both 7 = 1 ) 
and 7 =cc. But with 7 = 1 *,, Z =0, i.f’.. when the frequency of 
the a])plied force agrees with the natural frequency of tlie 
viiirating sy.stem. the mechanical impedance is zero, and the 
velocity of the system thus b?com:*5 infinite ; so that, what is so 
fittingly calleil, the 'resonance citastrophe' occurs, /.c., resonance 
occurs with a vengeance. With k having a finite value, on the 
other hand, i.e., with some damping present in the vibrating 
.sy.stem, resonance still occurs wlien 7 = 0 ,. but the velocity, 
though still large, does not attain the tlireatening proportions it 
does when k=:{). 


15 . The Human Ear.— Fig. 10 shows a cross section of 
the human car. with its different parts properly labelled. A 
detailed description of its construction and the process of hear¬ 
ing is given in § I7o of the Text. In this connection, the 
following observation about the 'history of the ear by Francis 
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Calton. pliVvsician and nieteicologist, who first investigated the 
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Fig. 10. 

range of audibility of human and animal cars will perliaps be 
found to be interesting : 


“Tlioso who linvi* siiidiod Uic devfdopment of li.-ing thing.s tell us that 
at an early static hi thehistory • f the world, animuls tlial li\ed in tlio sea 
and wer-' ancestors of the vortebiates wliieh Jiow live on Ian I and in the 
air. developed a pair of pits in the* skin on tlie two sides of the head. Tho 
hiiings of these pit.s wore protected hy their sunk po.siti. n and were 
ino'o highly sensitive than other parts of tho body to outs.de etl'ects sin h 
as tlie ll-jw'of water or any changing pressure These pits were not at 
liisi organs of liearing. they were very far indeed from tlie rclimii and 
ilelii ato < ars of land animals tliat came afterwards,” 


16. Theories of Hearing. —The mechanism of iicaring ha.s 
long been a debatable subject, and althotigh there is now general 
a'ueeinent on the mechanical motions within the ear, the exact 
functions of certain parts of it are still in a more or less con¬ 
troversial stage, Nevertheles.s. it will be worthwhile mentioning 
lierc a couple of theories of hearing, each claiming its own 
adlierents. 


(i). Thp. Ihsonance /Aeor//.—Originally put forward by 
Colufino, this theory fouml a strong supporter in Hdmhollz and 
is still umler active* consideration and is probably more widely 
lield, due to tlie greater number of observed facts explained by 

it. 
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Acronlin.. to tin. tl.eory. the til,res of tl.e 
s",’eteh;i ni.liallv rones,,on<l to the s,r,n<rs ot a harp an,I 
l,eh ive lihea series of iioavily <lami)e<l resonators .1 >< ,r,nd oj 
a „ pdrh is In stimnla'p, a parUcuhr sap or rr.pon 

,4 !l,, ,ncn,l.rn„e !,,ta reronmd r.hral.on u-Uh -J.ef and i 
I'Lalnrd Pimnlalion of the navr endings (hen prolnres the senea- 

tion of pitch. 

There is liardiv anv conclusive cvl.kmee in favour of the 
nerve filjres aetin<r as such iivlependent resonators, for it ^ no^ 
pnssible to stimulate each one singly, but their lengths an I 
tensions are sueli that this possibility cannot be ruled out 
sumniarilv. There is however good evidence to show that 
tl.e pereejition r.f fretjuenev i< <listr.buted along the basilai 
inembrane.-liigh tones being located at the basal end and low 
tones near the apex of the onjau of Coiti. Tins has been \eri- 
fied experimentallv on animals, whose basilar membranes uwe 
l)ecn foiim! to be damage<l at different places after they have 
been subjected tr) sounds of dilferent pitches. And this ha.s 
l,c(>n further eouhrmcl by the fact that a mcohanieal injury to 
tliis niemhrane causes wliat may he called mhclice dz(ifnc.ss. 

AiKfther thcorv. due t*. liinu. assumes that the basilar 
membrane, in.^tead'of vibratin.' in different regions or parts, does 
so. ns n whole, the impulses going up the auditory nerve. diHer- 
i\)iL in <|uaiilv and reprcKlucing pbvciioloj^ically ihe character of 
tlie jirimaiy phvsieal disturbanee.s. As will be readily seen, tins 

the(*ry leaves the whole business of analysing the t-.-nes to the 

auditory centre of thg brain. Tlie complicated structure of the 
cochlcn <loes not seem to be in accord uitli it, and the theoi\ i.s 
therefore (juile unsatisfactory. 


(«■«■) TheTclephons Theory.- ll>'-f»-and Braij have shown, 
from their experiments on the ambtory nerves of eats (aftei 
(I ‘stDyiiu their foiv-hraitis under an anaesthetic), tliat the ear 
and tiio auditorv nerve behave like an etfieiciit nixcrophonc 

.svstem. 

% 

By completing the input circuit of an amplifier through the 
expisnl auditory nerve and the body of tlie eat, and connect¬ 
ing th.* output circuit to a telephone or a loudspeaker, 
high and low notes as well as the human speech could be 
wonderfully faithfully transmitted, so much so that even 
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the speaker could be I'lentifieil by bis voiee. Tlie sensitiveness 
ol' tlie system was found to be of tlie same order as that of the 
human ear. tlio eliart'es of electrlea! potentiai juodneed in the 
nervoiKs .system beine identical with the souial wave.s failing 


u poll tlie ear. 

IJnrtridm's experiments, however, with sources ot sound 
capable of a sudden plm.se reversal* .so as to bring the vibrat¬ 
ing cochlear sj/'iteiii to rest, lentl .support to the resonant t)ief)ry 
a.s against this Telephone Theory. For. in accordance with the 
former, what we hear in a ease like the one just mentioned 
aljove is an interruption of the tone, aeeomjianied by a noi.so. 
whereas, in accordance with the latter, the reversal of ])hase 
should cause no other effect bc.sides giving a note an 
octave liigher or a major fifth below the mimical tone, wiiich is 
not found to be the ease. 


All tliis shows that although the final acceptance a.s to the 
.suitability of the one or the other of the.sc theories, or pcrhap.s 
of an entirely new one. is yet to come, the n t^onance theiri/ 
seems to be tlie more favoured one at the moment. 



rrri> Sri Prat'zp CrP-,- 


• A. photocell, a sourco of bgbt and an intorruptor mny bo ua.yl fm- 
tho purpose; or oven n whoso stationary disc, wh-n suddenly 

rotated, may cause a sudden phaso-roversal in a musical tone. 
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17. Accurate methods of determining frequency. — TIk’ 
loliouin<r are perhaps the two most accurate methods for th(» 
detcuuinaiion of freqiiencv of a Jioto : 

I—The Stroboscopic Methcd--Devised originally to 
determine the frequency of a tuning fork, it has now a much 

«ider application, as indicated hriefly at the end of this article. 
The tuning fork, wliose frequency is to be determined, has 

two thm aluminium foils A and B attached to its two prongs 

iy.specti\civ. A small i-ectaijgular slit or irinfiow'is cut out in 
tlie lod B and llie 

length of foil A is so 
adjusted a.s just to 
keep it covered or „ 
dosed in tlie undis- 
jflaced (or station¬ 
ary) position of the 
l*rongs, as shown in Fig. 11 • The window thus opon.s only when 
the prongs get further apart, i.t., only onca in one oscillation 
the jirongs, and. therefore, as many times per second as the 
frcciueney of the fork itself. 

A drmn or disc D, called the ^trohoscopk rlisr, or simply, 
the ,s7ro/»o.srop^. liaving u number of concentric circles of equal 
siz< (l and equally spaced stripes or dots in good contrast with 
the huckgroutid {e.y., black dots on a white background or 






Idg. 12. 

nre is rotated round in front of the fork, by means of 

a D. C. electric motor, the speed of which can be suitably 
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<i(ijnsteii ami which is "enrerl on to a revoliition-connler or a 
ooiiiiting-nieeluinisin. so that its exact speed at a •riven instant 
may he accurately known. A circle of dots on tlie disc is then 
ol)sei\ed hy a telescoj)e 'P through tlic window in toil ]3. as 
slioun in Fig 12. the fork being maintained in \ ibration electii- 
cally all tlje time. 

The .«])ced of the motor is adjusted until the dots in the 
• •ircle cliosen appuir (o he statiounnj. This w ill haj)pen w hen 
the tirnt' tak(“n l)\- a <lot tf) be replaced by the one next to it 
is the .same as the periofl of vil>ration of the fork, so that 
identical retinal images oi’ tl)e two lie in the same j)osition. 
.\r a lower speed of tiie disc tlian this tlie df)ts appeal-to lie 
moving slow ly backwards, i.c. in the oj'posile direction tf) that 
of the rlise itself; an<l. at a liighei-sj)eerl. they appeal-to lie 
mox ing forwards, in its own direction*. By properly adjusting 
the speed of llie <li.sc, therefore, tlie <lot.s in tlie particular 
circle under obsei'vation ean be made to appeal* .stationary lor 
a sufficiently long time. 

\ow, ifnbe the frequency of tlie fork, its time-period 

will obviou.slv be * .‘■ers. And.ifn be the number of dots 

n 

in the circle in question, and w, the numluu* of rotation.s made 
per second, by the disc, fas recorded by the revolution-counter), 
when the dots appear to be stationary, the time taken by one 
dot to bo replaced by the one imnu“<liately sueeecding it w ill 

clearly l)c ^ . 

• * mp 

1 _ 1 

Hence. ■ — * 

V m p 


or. n=mp. 

So that knowing m and/?, we can easily determine tlie 

freciuencv of the given fork. And, once the ficqueiuy of the 
iork is kiiown, that of any other vibrating body can bo deter- 
mined by comparing the two by the method of beats. 

It will be readily seen that in the above experiment the 
dots in the .'irclc chosen will also appear to be stationary if the 


’ *.SimiIarlV. t ho dots in tho circles inside the one considered appear to 
move fasTor and those in tho circles outside it. slower tlian the disc itself. 
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rotates With twice, thrir-e or any other simple multiple of 
its luesent speed, tor tlie dot.s will tlien liave covered twice. 
ihric'C etc. the tlistaiico hetween tuo sueeessi\’e tlofs during the 
titne tliat the fork lakes 1<» comj)lete one full vibration. The 
jiroduet iii]i ^\ill thetefore hi* et|uai tf> 2 h. etc. here. Siicli 
(ii.scs can liowever be easily distmsiuished from each other, 
<Iue care Ijciuii taken to observe as to wlien tlie <]ots appear to 
be stationarv for tha time as the speed (>i the di.se is in¬ 
creased jiraduallv. 


d'hi.s method, thougli obviously .simple in its working, can 
hardlv be said to give accurate re.sults. For one tiling, the 
frefjuency of the fork itself is altered, howsoever little, by 
attaching the aluminium foils to its prongs and this alteration 
has to be allowed for ; and, for anotlier. it is hardly possible to 
adjust the motor to run at a really eon.stant speed all through 
the c.xperiment. 

Alternative procedure. —Perhaps the following strobo- 
.scopic melliod may be u.sed with much greater convenience and 
ailvantage. —u.se being made here of ajfoshing lig/U instead of 
the window in tlie aluminium foils attached to the prongs of 
the fork. 


The sound, the frequency of which is to be determined, is 
picked u|) by a microphone and the current from it is amplified 
and led into a discharge -lamp (say, a Xeon lamp) requiring a 
faiily high voltage to \^lrike it. 'so that with even a high fre¬ 
quency it goes completely out at certain stage.s of the cycle. 
If tlierefore. wo rotate a stroboscopic disc, witii a ring of evenly 
spaced, radial .stripes marked on it. just beneath the fla.shing 
light of the lamp, the stripes nppen- to he i<tationort/ if the 
time taken by one stripe to be replaced by its immediate suc¬ 
cessor tallie.s exactly with the time-interval between two 
sucec.ssive flashes from the lamp. Hence, if this particular 
.speed of rotation of the disc he known, the frequency of the 
.sound in question can be easily calculated as before. 


I iius. for example, if the lamp be polarised with a direct 
voltage, just hdow the striking roU-jge. it will give onlv one 
flash per cycle of tlie current and its Hash-rate will then directly 
give the frequency of the given sound. 
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Other uses of the method —(1) If the strobosooj)ic clise 
used above carries on it as Hianv concentric cin les of radial 
Ktrij>es as the nninbei’ of notes in a mufiical »C'ih. with their 
nninbers bearing tlie same ratio tf) eaeli otlier as tlie frecjnenc-ies 
of the different notes of tlte scale, it is clear that, with one note 


.sounded, a stationarv pattern will be obtained on the appro¬ 
priate eireJe The same will be true of the other notes too, each 
giving, with a proper adju.stment of the .speed of rotation of 
the tlise. a stationarv pattern on its corresponding circle. Thi.s. 
is the basis of what is called the ‘chrotnaHc stroboscopt , a de\'ice^ 
of the utmost use and importance in the proper tuning of 
musical instruments. 

(2) Used conversely, the stroboscopic method enables us 
(/) to determine the speed of rotation of the disc at /a - 
ticular in-itan'f as quite distinct from average -^peed ovtr a 
long interval of time, and (if; to fletect any small variations in: 
its speed. 

2. The Phonic Wheel Method- -Tlie pJionIc wh'-el, devised 
by Lord Raleigh, is similar in principle to the .synchronous 
motor used in our electric clocks of today. 



Fig. 13. 

What we do here is to convert tlie mechanical vibrations of 
the tuning fork, whose frequency is to be determined, into 
electrical impulses bv making the fork operate a make and break, 
electrical circuit, as Will be clear from the following : 

A serrated or toothed soft iron rotor R, (Fig. 13), is arranged so 
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as It) ii.latf ill tlu‘ ina^nctic lidd of a stroiiij cleotromaunet, with 
its [)ol( -ciuls ha\;n,ii similar Sv-rrations or teeth. 

W'itli a u-iularly inteirni>te<i fiirreiit [lassed throiigli the 
coil of the elctromaunet. tile roti.r would nornially. reniaiji sta¬ 
tion a i\' 111 the j'< siti('ii of niiMimuin potential encitz\. /i.... in the 
position in wliioh the piottirdiiit: |.-arts or teeth of the rotor and 
the pole ( lul^ hea^oniist cai h other, with th(* minimum of air gap 
hefiMH ti tliem. But if a sulfieieiit spin he imjiarted to the rotor 
OIK* \i'aor tlie otlK'r. h\' nu'ans ol an air-hlast. foi c’xample. it 
ma\' lie ."^et into rotation so as to mo\e from one tooth to the 
next for each /<///o ofthe emrent. attaining the position of 
minimum potential energy at .siiecessive maxima ofthe eiirrent. 


Thus, if the oidinaiy alternating ( urrent. with a fre(jueney 
of ■)() eve'e.s per second, he fiassed through the toil, there will 
he lOli maxima per seeond. .so that if there he BiO protrusions 
or tcetii in the rotor and the jiole end.s. eatli. the rotor can be 
made to complete its one full rotation in one seeonti. with a 
proper spin Loven to it, provided, of eouise. that the energy sup¬ 
plied to it is enough to overcome any lo.sse.s due to friction. 
This is exaellv tlie ))rineiple uiKlerlying the modern electric 
flock, where we merely count the cycles made by the current — 
the minnte-haml making one full round for every oO x 3600 or 
180,(lt)(> evc•les’^ 

4 

It follows, therefore, that if the same direct current which 


passes tlirougli the circuit ofthe given eleetrieally maintained 
fork F. and is rendered intermittent by it. he also jiassed 
through tlie coil of the plionic motfir. the rotor .R will just 
advance through one tooth during one full vibration of the fork. 
Hence, if iV he the number of teeth in the rotor, it will make its 
one full rotation when the fork lias made A’ full vibrations. i\e. 
in Njn seconds, where n is tlie freciueney of the fork. 

Now, the speed of rotation ofthe rotor can be easily and 
accurately determined by gearing it to a mechanical arrange¬ 
ment which rings a bell when it has just completed, sa}’, 50 
vibrations. Then, if p be its rate of lolalion, the Hrae taken 
by it for one full rotation is clearly l//j. And, therefore, 


•if we coin).are tl.e iiiclicntions of such r.n electric deck with tliose of 
a standard one, we can measure the average frequency of the mains to a 
very high degree of accuracy. 
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= " . or wiieiice, UiiiAvin'r A’ and n. we can easily 

p n ' <r 1 

calculate out the fr(Mjuency n of the fork. 

N.B. —The experiment may ho \aried hy arramiiiiLMhe ro¬ 
tor in between the p'olcs ol’ _ 

two separate clcctioinapnets, 
as sinnvn in Fi^. 14 . ilil.ii.i" 

Jn Haleijili s i>wn exi>cri- 
inont. the hnk had a IVecjiien- 
cy 32 and (he j)honie wheel 14. 

had lour [xdos, with the result that the laltei' iiiado 8 rotations 
})er second. The speed of rotor was fletcrrniiuHl acctirately 
by comparison with the penduhiin <d a stan lar 1 clock and the 
fi'ccjnc^ncy ot the* fork calculated out a.s explained above. And, 
once the frecpiency of the fork is knowiL that of any other vib- 
I'ating body can be easily determined by the oiclinai'V inetltod 
of beats. 




CHAPTER XVII 


18 Modern Acoustic Applications.— The Science of 

Acoustics lias many modern ap[)lications of irreut importance 

and ulililv. Some of these luive alreatiy been dealt with in the 
% % 

Text, in to ‘>10. The following two or three more are 

mentioned liere to illustrate how wide and varied these appli¬ 
cations can be. 


1. The Phonoscope. — It is a simple device, due to Z)r. J. 
Ef‘d-in<‘Mnirii>i, enabling us to obtain a permanent record of 
the wave-forrn of a musical instrument or of the human voice, 
(f./\ the raruition of pr(.'<f'Ure uifh iimi a! n givin poinf), to de¬ 
monstrate the same to a large audience on a screen. —the prinei- 
jde underlying being e.ssentially the same as that of the sound 
box of a gramo])liorie. 

The .sound box (5) here (Fig. 15.) is of a conical shape, with 
a rather loose mem¬ 
brane covering its 
narrower end, its 
diameter being cho¬ 
sen with icfcKTue 
to the j.ilch of the 
sound in c,utsti(n. 

RigJit in tlie (<ntie 
of the memhiane is 
attached on a li<>ht 
support a wire, 
which has a small 
piece of mirror hinged on to 
^itliout any shakings or jerks. 

Vhen the sound waves from (he musical instrument, or 
directly from the mouth of the singer, fall upon this diaphracf/n 
or membrane Z). tlie latter is tlirown into vibration, resulting^in 
Iho rocking ot the mirror about its axis* 

A beam of light reflected from this mirror then falls on a 
revolving mirror M and thence on to a screen F’, tracing on 
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Fip. 1.5. 

it so as to be free to move 
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a wavy ourve or tlie 'icarf-form' of the sound, a p.umanent 
record'of wliifh may be obtained l)y replacing the screen by 
a liorizonlally moving j)Iiotograpliie plate or film. 

2. The Phonodeik.— Tins instrument, due to Dr O r. 
Miller, h pcrliaj)s the first successful attempt of its kind to 
obtain a very nearly faitliful record of the wave-form ot a 
given sound,—true to its name, meaning 'to shotv or exhibit 

JSOU H(V. 



by a (Ua])hragm of 
mica or glass (about 
•(11)3' tliick), held tight¬ 
ly between soft rubber 
rings T:n. (Pi^- 1^>)- A 
silk fibre or a fine jilati- 
nuin Mire (about OOOa 
thick) is attached to 
the centre of the dia- „ i vertical steel spindle, 

])liragm and, passing \ (-irivin*' a linv mirror m, 

csplines 

The sound from tTirdiapliragm 

is collected by the hoi - Due to this movement ot the 

. hid. is tl.us set -to v.brauo.. resoltinft in the 

diaphragm, tlic spnn„ P ^„.^,,„pnt oscillatory rotation 
oftl.e spiiulle and the ^ „ '' i„.i.ole is 

fo,-.,ssed ,m to the '^>.',''^1 "“3,„„e distance away. The 

tvom it to a "L screen or the film pcrfoi-ms a 

;; a!; o^ica, .na,nhicat.on as hi,h as 

Ai.hon,h the nn-.c.e,.t cesponds . 

,|„e to tl,e response .d ^ The eflects due to 

eiinrhaLd, and d is no easy .natter 

to do BO. 
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3- The SeisDio^raph — A s'ic</n(>'}r(tph (or a seismot/tflcr), is an 
jn.>h iiincnt uscmI to rocortl the (.nrllt (reuior.^ or the wdi'^s, 

io M>iih' »i\iianii<al iuiKtioii of \\!iiih (liko flisplaceinent. x'elocity, 
a<'(' I'-ratitiii (“tc,). it icspoiuls ta- reacts. Tlie record of the vibra¬ 
tion'- oliiained is calle<l the s( 'J’he instriiinent.s res* 

jumdiii'.’ lo dis})l'i<('»iiciit arc (.('the tiicchani-al typ* aiid we shall 
(oiiccrti ouischcs here oitlv with thesf*. The hillowin;' i>. in brief, 
llic llieoiy tmdei (lie niecliaiiical type of si'istnoj'raplis. 

All vibralion>; of i he earth niav iillirnatelv he re.soivcd into 

* « 

{i) n ilini! :i\\(\ (li) /,r/riz'iHf'fl coU)]* The jirobleni tlius 

ii-diiccs it.^elf to uierelv tecoidinu these \cj'tical aiif! horizontal 
vihiations. We shall confine our attention here oni\’ to the 
iiHMsinenieni of the /lorlzon/n! ili'tplariiih nts. accoinpanyin*; 
these ialtiM' vibrations. There are two types of instrument.s in 
use for the pur})i>se, riz.. in) the verticnl pcndulmu and [h) 

tile lio. lznninl /)< nfluh'.r/i if/j.'C. 

ta) The Vertical Pendulum Seismographs.—A 
pendiiliitn is ju>t a lauid body, sus* 
pen led from a stand, re.stine lirrnlv •'?. 

Oil the ^nound : .so that, with the 
liorizinilal displacement of the uround 
and the staiul with it. the point of 
support of t he pendulum also j^cts di.s- 
]>laeed horizontally. 

'riius. if the point of .snpjiort .S' <if 
tlie vertical pendnluin (FiL^ 17). i.s 
displaced horizontally to .S’', due to the 
iiorizontal displacement of the ‘jroiind. 

it can be shown that a .style or pen attaeiied to its lower end 

n‘proiluees taithfully the movements of the snpjjort. with 

fireeisely tlie .sam^ fivcpiency (though on a different scale), it 

beincr a.ssiimcd that the support moves with a definite frequeilev 
and amplitmle. ' 

lhe.se vertical pendulum s.dsmoirraphs. however, suffer 
from two defects, viz.. 

(i) they have to be very heavv—as much as 20 toms or 
jmire—if a^^ood ina^mification of the vibrations be desired, and 

and West or along North an:l 

ooulii, b.it xwli bo horizontal^ nevertheless. 
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(ii) their period of vibration ratlier small. 

(/d The Horizontal Pendulum Seismographs —A hr)n7.r>n- 
tal pendulum essentially consists of a rod A B w itli a knob at 
P .stij)portcd in an int-lined position by means oi two jneces 
of string AP an<l (’(). attached tf. a rigid suppoi t at I and ( 
(Fi<' iSj so that it takes up a position in a plan?, parallel to 
the^forcenf gravity, the line CP tnaking att angle y) udhthe 
latter. 3 he pen<!ulum tints vibrates with a small amplitude 
in an arc with O a.s centre and 0(i as radius where C is tlie r.;/. 

of the bob B. 

Only some slight ad<lition.s to ll <onvcrt it into a sensitivt' 
ami a reliable seismograiih. ^ 

^Vith the hori/.onlal move- 
tnenl of the earth, the sup 
ports of the itemlulnm. wliieli 
are lirinly H.xed to it, also share 
its tnovement. thus setting 
its stem or 'hnom' into motion 
whicli f<in then be magnitied 
inci hanieaily or eleetrieall\ b\ 

various deviee.s. • ,i * i * 

„ctunl movements.,,- W ne nltmmen. he,-e. 

fore diseuss tn some detail onl> tnisom 

' . • - • —-This seismograph measiiie.-. 

Galtizins Sjeismograph- I b^ eru.st. and consists ..f a 

tlie liorizontal velocity ot the . 2S rm-s. long. 

horizoidal periduium, ‘ 7 qnis. and haviiiii 

.arryi.ig a -lin^K-a bra. ll"m the inner eml of t he 

its centre at a , pendulum is of the type shown. 

boom. The siispensioii n^nf the axis so tliat tlie period ot 

oscillation of secured to 

::n^:ps^ 

VSt: we„in. .c-ews. 



Fig. 18. 
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'J’lic rocojdifi^ ot the vibrations or tremors at the Observing 
Station is done electroinagnetieally, and for tliis purpose, a flat 
copper coil is wrapped round a poition of the stem or boom of 
the pcndiduin, extending beyoiul its cylinderical bob, and con* 
iic< tc(i to a sensitive nio\ ing-coil niirroi' galvanometer. 

W’itli the motion of the stem (caused by the motion of the 
i:io(ind), the coil mo\ es in the strong magnetic field of a pair 
ol pci'inaneut horse-shotMnagnets of tung.sten steel. A current, 
n-lnrli i< pm/nji tiun'il to the antjiihir veloriti/ of the stem, is thus 
indue ed in t he coil and produces a deflection in the galvanometer. 

.\ !»eatti (d'light, rellected from the minor, fixed on to the 
>uspcnsion of the galvanometer c(»il. is passetl through a semi- 
(yhiideriial lens ami allowed to fall on a sensitized (i.e. photo¬ 
graphic) paper, wrapped round a rotating drum worked by a 
clock work anangeincnt and moving uniformly along its axis, 
with a peripheral speed of .‘f c///v. per minute. Time signals are 
also similarly reeonled on tlie j)aper by cutting olf, by means of 
an accurately-timed shutter, tlje beam of light for two seconds 
at the hegimnng <if each succv's-;!vc minute. A permanent record 
of a series of curves {/.e. xUa S(.ismo<jr(im), is thus obtained on 
the sensitized paj)er. ironi which the time of occurrence of any 
.seismic phenomenon can be dctcrmitied accurately within one 
second. 

In order that the horizontal displacement of the earth may 
he correctly calculated from the seismogram, thus obtained, 
d must faithfully correspond to the movements of the earth. 
T.) achieve this, damping of both the pendulum and the gal* 
vanomeler is neees.sary. Or. else, if the period of oscillation of 
the pcTidulum agrees, or nearly agrees, with that of the seismic 

wave resomuK-c will oeeur, producing large deflections, which 
w^ould give an utterly deceptive picture of the actual movement 
<'f the ground. And. if the damping be made critical {i.e. 
(had heat), the calculations become greatly simplified. 

This damping i.s produced by attaching to the outer end of 
(tie boom a horizontal brass plate, which moves in another 
s rong magnetic held due to a separate pair of horse-shoe 
na.ncts arranget! above and below it. The eddy currents, 
thus in( need m the plate, then produce with proper adjust’ 
nients tlie desired damping efl'ect on the pendulum. 
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ones,'..,. u.e si.o..t,..io<i on.. „a, 

19 . Seismic Jlv done 

olher mim-rals technically known as ■.ec.am; 

s(‘]STnic naves, tiu pioct.s^ n 

j>ro.y>.dinfj: t„ 

Arliiicial earthquakes aic s ^ ^ j , ^ explosiw, like 

he surveyed for the purpose, hy ddonani^ 



,„n.cotton or gelignite a a ^ o -;- t,., Ume of arrival 
iFia Ml). “'“I,V,^ waves or tlie [inmary 
l,f tl.o first low ,ith ‘the help of seisniof-rapl.s 

,w,ves. thus e,. all Ivintf in 'w 

M .litferent ■'‘M»‘ons / . C- ^ <a,„r,ls OP, OQ. OP, 

q'lin (Ustaiices ironi O > ' (■ q . measuretl and Hie mean 

"tsll'l!”"™"5“.iri.:. a.« ■«“- 

or clionls. 


l-ir to the lirst, ny exp-._ 

■Iloim n .. ‘i-- And if this contirins the results 

i^lllef’S^;—T::;-h.horafe survey aeteruu the 
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jn>sitii)n> ()f the top jiii'l iho si<lc<* of the salt tlonic. 

20 Ultrasonic Waves and their Applications. - Apart from 
the oriliiiaix'aiulitilf* soimii \va\'c< \x<* have also other xvave.s 

<•( a fr(Hjiieii{\’ ln'low ''r hexoiel llic‘ aitflilih* liniit. I’he fortJier 
ai'e Ivtioxxn a.' Infra ‘•oiin-i or Infr i-sanir II (V s atal tlie latter, 
as Sn j> rsona- or I ' l> fa a' War v — tlj - sonitls eoirespoinl- 
iiilMo (h<Mn h.iiiii le'-p-etix ely teieirod to as J/i/rasonics and 
■'ll/II r <ty iilh-asanii>\ W’e are eoneerned here only wjtli these 
iatiei'oaes, wliose fi-,Mjnen''V aveiaees 2'hit<itt m- nj)\vards. and 

will' ll <'an irlther h(‘ prodneed n-r d(“teeted hy 1 he orrlinary 
ineaU'-at (.nr dispo al, I. he th • lio[ wire niierojilione which can 
detacf the aiidih!-' and the inlVa->onnfl>. 

We . shall therefore study lieie sr.nie n}etho<ls of pro'Iueinji 
and della t ill L' I lics(‘ siifK-r- or ultra sonic w a\ es w hieli liax'e been 
toiind to [)o«s;>S' a wide an ! n.seful tiidd of practical utility. 

1. Production of Ultrasonic Wax'es.—The method eonven- 
tion dly list'd for the [tr'eluetion of oivlinarv sound waves, rh., 
that of acliiafinL' the diaphragm of ;i louflspettker by feeding 
it x\ ith an alternatin'^ ciirrent (»f tlie correct frecpieney. foils in 
the ease of ultrasonics For. (I'l it is extremely diftieult to make 
tiie rliiipi)r.u>iTi \ ilu.ite with Ihe higlt freipieney of the ultra- 
soiues, and (o') the liiyJi iiuhietlve effect of the loudspeaker 
eoil rnak-'s ii alnio-.t inij)ossil)le for any current to pa.ss throutrh 
it O'lier metlio(K have therefore to bo looked for for the pro- 
diu'tion of this type of waves and the followiiiir are the ones 
in common use for the purpose. 

1- ihe Galton Whistle -It is e.ssentiallv a miniature 
oiLMn-pIpe. the lens/th of tlie vibratiue cjlumn ia which can be 
varied by suitalile means. 

In an earlier form of the wln’stle. shown in Fii?. 20, the 


rr 


lV- 




_lLi 




^ -r : -i. 




Fig. 20. 
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p is .iti, a SCO. p..on ‘‘I, 

i„ out by moans of I;! i,; a Ohauuo in . 1,0 

in the pipe lan ins 'piie instrument is properly 

irofiuencv ot tlic tiolc . fVedUcncv ot 

ate,1 ami ' iirlj^i^^n p^lition ,!l the piston 

llie note correspondinji to an\ ^ 't i 

<.anberoa,l,.ntl,osere«l„.a,lstraial,ta«a.y 

A later iorm of the n hlstle, “i':|";:o,:ra'm 

:r;:IpZ:m'-t- imvi,;; t, ^...ant a,n,.l.tn,le amla fro- 
4 jneiHy upto 100 kiloeyclcs. 

Tlie leinOh ol' the vil.iating cohmin ot 

ail- HI tile pipe P liere 

|,olp of a mioroineter acljnstment ' h. 1^. 

ivorks a piston np ami down in 

piston itself acting as the closed end o 

the pipe- , 

\,i air blast is blown in tliiou^li the 

...i;:^,eNat the -P - ; -;;:S 

ZTl limng snitahly a,ljnsle,l by 

Inoansofasceomlmierometerserew M,. 

Bv suitably adjusting this gap 'f“ 
ami 1 an<l the i;-y"7;,,“',„;,''\;'unmwm i..to 

^es,::::::;" vibniiion .a 

upon the length ami dian.ele. ot the atte. 

If the leimth of the air column from tlie 

hy ‘hem.llcating that the blowing pressure 
upon the blowing ’ •ive-lencth of the note is to remain 

must he of the note emitted is therefore 

constant, rhe is the velocity of sound. 

Frequencies as high ns 30,000 cycles per second may be 

produced in this manner. 
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2. The Magnetostriction Oscillator —Tlie fuet that a 
rod or tiiho of a forromatrnctif material nndeti^oes. on magneti¬ 
zation, a minute change in letigth (only a few parts in a 
million), has hcen known tor a long time. ha\ ing been first 
repi>rt<‘d h\- .Jonh in iS47. The effect is known as 
.ylrirlion’^. jokI has been utilized comparatively recently (in 1927) 
h\‘ //, for the prodnelion of su pcr-^onic iravfS. 

n a steel or nickel r{)d he [)laeed inside a coil through 
whi' h a high fro(jU:Miiy alternating current i.s passer!, the rod 
is thrown into longiturlinal vihratjotis. the ampliliule of which 
is ordinarily very small. Hut if the firujuruiey of the alterna¬ 
ting current agrees with the natural fr(>quency of the vibrations 
oi the rorl, re.sonance oeeurs. resulting in a considerablecon- 
versum of energy and t lie emission of super.sonic waves from 
the enrl of I he rorl. 

llietaet that a reciprocal magnetostriction also occurs, 
VIZ., that chnnrjc-i in UiKjih of a rod produce chonges 

in ni'ignf liznlion. is made use of cr)nstructing an oscillator 
whicli generates the necessary alternating current to maintain 
it.s own vibrations. The arrangement used is the following ; 

Tl.o steel or nieUel r.M n, frif,. 22.) is clamped right at 
the ectjtre anti two cojls f'l ' i c 

ami (.\ wra[)pcd round its 
two hahes respeetivelv. 
the former being included 
in the plate or the anode 
circuit anrj tiic latter, in the 
gritl circuit of the valve 
oscilliitor r. as shown. 

For better result.s. the 
rt)d is magnetized initially, 
either by j)as.sitig a .separate 
tlirect current or the steatlv 
piirt of the anode current 
round it. 

Now. when the natural 



’It IS iliio to this etToct that the iron cores of translormeis siort 
hiiinmmg. however rigidly tijoy may be made. 
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fiequencv of tlie circuit is ufljusted by means of the variable 
condenser C to be the same as the natural fretjueiu’,\ offtlie 
longitudinal vibrations of the rod. tlie oscillations are maintained 
bv the 'coupling’ efT(*cte(l l)et\\een the t^\o coils by tlie rod 
itself. 

A cliange in the ])late or anofle current. pa.ssing through 
coil (\. brings about a change in magnetization and a conse¬ 
quent change in tlie length of the rod. Thi.s gives ri.se to a 
change of flux tlirough the grid coil inducing a correspoinl- 
ing e.w./. in it. This r.m/. is then amplifle<l by the valve and 
reacts back on the plate or the anode 'oil T,. and tlie oscillations 
are, tlius maintained, their amplitude attaining considerable 
proportions. 

Due to tlie curvature of the characteristic curve of the 
valve, the iniliarnmeter J shows an alternation at tlie start of 
the oscillation.s. and this is arrangcil to be a maximum, whe^n 
the vibrations are the most intense, by suitably adjusting the 

con.denser C. 

The frequency of the supersonic vibrations or wave.s thus 

produced is determined mainly by tlie characteristics of the 
material of the rod. viz., its length, density and elasticity, being 
only slightly affected by any changes in temperature. 

3- Piezo-Electric Generators—As early as ISSO, the 
two brothers, and F. Curie, discovered that eertain asymmetric 
crystals, (more speciallv the liemihedral type, with inclined faces), 
developed opposite electrical charges on one pair of their 
opposite faces respcetivelv. when their other pair of laces were 

subjected to pressure, and that the signs of the charges on the 

two faces were revcr.scd when tlic crystal uas subjected .to a 
tension instead of a pressure. This efleet is known as the PUzo- 
Fleciric Effect The conver.se of this was also found to he true 
as in the case of magnetostriction, riz.. if voltages were applied 
to one pair of the faces of the crystals*, corre.sijonding changes 
were produced in the dimensions of the other pair. This is 
known as Inver.se Piezo-Electric Effect. These changes are more 
m-o-nounced in the case of thin slices of the natural crystal, cutm 
a particular direction, but. in any case, the>- are proportional to 
tile pressure or tension applied. ____ 

-* This is (1^0 bv” sandwiching tlio crystal in between two metal 

plates and applying the voltage to the latter. 
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7’hu'. ulieii jne.S'^uic is aj)f»iic<! tii (lie ojiposite faces of a 
li(c o( (jiiai tz. rut rvilh .Vs f/i‘y;s jurju /tdirular (o thu op'ic aaj.vfof 
tlicc y.'t.il they (Icvt'Iop <-(jual aii»l <i})p()>it(“ charjzcs. witli a 
cnnsc(jiK-Mt ilinercnce of ptjtenlial hetween them. 

The |)lienomenon is exhihitc<l h\' a miii!i)C“r of erystahs. tlie 
best laiowiiot uhiehaic ffiiarlz. /om/ualiut- an<l Rorhfilp salt. 
7’he elleel is the -ji'eatest iti the last ot these. hiU its poor 
mi'i haiiiial properties liave rohhed it of its otheruise due place 
in praetiea! iinportaiiee. wliere (piartz ahuie thiis holds tlie sway, 
<lespitc the choice of t( urmaline at vei v liiyli frccpieueics (of 
ti e Older ol ID^) on ac«'onnt ol its superior meeliani(-al properties 

It will thus he- e\idc!it that if (iltn-holiiKj \oItages be 
applied to a slice ol such a crv.stal, <oire.sp<UK'iiig alternating 
>(n‘sscs and strains will he set up in its hnglli and thickness, 
I'j. the slii e \s ill alternat^'ly contract aiul exjianrl anrl ela.stic 
vibrations w ill l)e .set u|) in it. And. if the fre(pieiuy of the 
altcrnatinir voltage applied happen.s to tally with that of one of 
the niofh-s of vibration of the slice, the latter will he thrown 
into resonant \ihration. with a large amplitude, as in the ease 

ol <i str(‘tche(l string and in <»thei' eases. 7'he.se x ibration.s may 

truly he re^iarded as/o/zr/iVi/r/iau/ in nature, .tlieir po.ssible fre'- 

<|Uency )i being given by the relation. n= 


21 


V 


w here } stand.s for the value of }Vo/u7> of the material 

ol the slice along the chosen a.xis. p. for its densitv, / for its 
length or thickness and tlie values of.? mav be 1. 2*3 ete 


It will be noted that 


V 


the wave veloeitv in the 


Tnatenal of tlR. oystal. the nvonifie value of ahieh, in the case 
thuu'Tf cm.t.Vcr.. which means 

■ Yl'-at.ons of a bar of qnartz 5 cm. long 

an ocw, thick, will be multiples of o oXlO-* and u oxlt^ 
c\eles per second. lo 


niav.in refracting crystal, like Quarlz or Calcit 

and the extracrcl.nan’ .■ays\mc;i witl" 
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♦ 

A crystal of this type, if properly maintained 

becomes tlie best • ' ' 

soiiiee of supersonic 

waves. This is corv 

veniently done b\ 

means of an ordi 

narv Triode valve 
♦ 

A simple and suit 
able arrangement is 
tlie following, in 
the parallel 
plate conflenser. 
formed by two 
metal plate.s, with 
the slice or plate 


in vibration 



HT.B. 

p_plote. O—prid. F—filurncnt, R—resistnneo, 

ivitrinl-lo). I.C.—indmtarjco coils, C'— coil. C— 
coiulcDsOr (variable). Q—qunrtz plate. 

Fig. 23 . 

in between them as tlic (lialeclric, is 

conn'ectect to a coil Cb couple,1 in.luc.ivelv to the oscillate,y 

einnit of the valve, as shown in Fig. -3. 

The frequenev of oscillation of the valve ciieuit is a,ljuste<l 
l,v means of the va.-iable conrlensor C to tally with the natu.al 
• rvfnnp of the modes of vibration ot the crystal slice. 

i:r:xSing -^chanical vilnations in the latter, due to 

riiLir fontraetions and expansions ,t undergoes, Ultra- 

tlK nncai frequency as oXlO* cycles per 

:r,n,i''" a t b<"obJai..c.,l if higher ha. n.onies* of the finula- 
^^cona. (an u p^dted This means a wave lengtli (m 

air) as small as 6x10- ««., which is about the saiue ns that of 
sodium liglit. 

M R _It Will easily he seen that the above arrangement 

cimstituUis 

SUcu/% conirolM vahe-osciilalor, ge,.crating an alte.a.at.ng 
current of this very ^he o.dinary 

22. W used to iletect ultrasonic waves 

Kundl’s lube method (o he extremely small, (i.e. 

smaller ttrr'n '"’few millLetres)^^'^^ 


Strongly- 


can thus be excited 




338 


APPENDIX 


oiitKi u-avc.s. iKM-e too. stationary waves.—called supersonic 
s<ntwnani ;/r/r^v-ar<* foiined aiirl the lycopodinrn powder, spread 
aloii': the snrtaee of the t\ihe (in the ease ol air or gases), collects 

in small heapjs at t he nodes and is blow n off at t he antinofles. 

In the (a.se tif liquids, powdered (oke is ii.sed in plaee of lycopo- 
«litiin j)ow<ier to iiulieate the positions ol the nodes. 


Sitnilarly. srn-''ilir<’ may 

ot these wa\'es in e.xactlv the same 
ordinary .sound waves. 


al.so he used for tiie detection 
manner as in the ea.se of the 


1 lie inoflern devices ti.sed for tlie purpose, however, depend 
on the thermal effeets pro<luced hy the waves and are therefore 
ealieil Ihrrmnl d('i(rfors. 


Tlie more commonly used detector ot tliis type consists of 

a probe' of a tine platinum wire, which is introduced into the 

region to he tested for the waves. At the no<les. where adiabatic 

cliangCvS of temperatui'e take place fluring alternate compressions 

and rarefactions, the wire gets alternately heaterl and cooled. 

At the antinodes, on the other hand, although there are no such 

changes of tem|>erature. the particle vehicity produces a little 

cooling. These changes in tenqierature bring about corresponding 

(hanges in the electrical resistance of the probe, which can be 

easily determined bv means of a W heatstone's Brirlge. 

• « 


Vet another method einployefl is due to Lantjfvin. Here, 
one pair of face.s of a quartz cry.stal is exposed to the waves, 
when, as we have seen, opposite ch.arges are developed on the 
other pair. pcr[>enflicular to the first. These are then amplified 
and detected in the usual manner. 


23. Uses and Applications of Ultrasonics- —In comparative¬ 
ly recent years, ultrasonic waves have been put to many impor¬ 
tant uses ami n'.anv a technical ap[)lication based on tliese now 
find their welcome place in military and industrial fields. We 
shall concern ourselves here with only some of them, by way 
of illustrating the wide and variefl possibilities of their use. 


1. Supersonic Echo Depth-sourding.~The measurement 
ofthe depth o water below the keel of a ship is known as 

mounding fins was previously done by the direct method of 
the-had hue or hy Kelvin’s sounding machine in which a Wire 
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properiv wcitzhted nnd carrying a ■chtnucol tuU *. closed al the 
uppci a'nd open at tlie li)\>or end. wa.s lowered down to the 
bottom of' tl,e sea. The level up to ^^hich the water rose in the 
tube was indiiated ))y the heiudit up to which the cheiiucal, 
lining its inner side, was acted ujxjn by tlie water, t rum tins 
the compression of the enelo.sed air in the tube was calculated, 
whence the dejilli of the sea e(juld be easily deduced. 

These methods were extremely slow and tedious and re¬ 
quired tlie speed of the ship to be considerably slowed down. 
Then, there was tlie danger of long wires getting broken undci 
deen water and the uncertainties of the currents at different 
depths etc., etc. The results obtained were thus almost al«aj> 

sornewliat uncertain and undependable. , , , . 

Newer, quicker and more accurate methods have come to 

bo used in recent vear.s. in wliieli tlio -sounding’ i.s very appro¬ 
priately <ionc bv means of sound waves the whole operation 
being completed witliin a matter of seconds. Altliough deMces. 
b.a,sc(l both on lo«' freciuency or sonic waves 

frequency or supersonic waves are in vogue at the time, 

shall deal licre onlv witli tlie latter. 

The earliest depiii sounder of this type, eliiistenetl by the 

manufacturer... (Tlie Marconi Sounding Device ^ 

the ‘Echemur is the one due to Langevm, f/oriwoa and 
ChHo,c..hi, devised by tl.em on a suggestion made > L^t. 
«;r/K//d6-on at the time of the Titanic disaMcr oi April, 1912. 

beam of supersonic waves for the detec ion by 
Ecdio t? objects lying submerged in tlie sea, like wrecks, ice- 

onlv’after Lfimevin 'l^‘ devebpvd ' his‘’'‘higl. 'frequency i.eizo- 

1fot..evin oscd,at™.^v 

b:tt!>nTt:Tp'a'tes_wl,ich can be tuned to the desired fre¬ 
quency of ao to 50 kilocycles per secony^_ 

- .The tube came to be so called because of its inside being coated 

with a suitable cbemicol which reacted with sea water. 


appendix 



lI,.-l.vMt(:._'(‘rsriihtior,s. tuned 10 the same Irequcmy of 
30 to r,o kilo.vele< per ^e'.oiid. a.e prodiued 

t(u v riiTuit anti applied TO the quartz plate. \vhieh then emits 

,lainpe<l liiiili IVetiiu-ney uavos. tlie plate aeiir| like an o.s(illating 
p;..lnJmvn..a;eryhi.hrrer,ueney And. it the 

Ihis eoinpared with the ua\e-leng.h of the 

..cnntl emitted, a txam of :(a.nd travellln-: ill a eneii direetion 

....htainetl, tl.eea.^^e hein- veiy inneli similar to that ot the 
sniiiid wave.^ Jiassinp' througli a einailar hole. 

The qui’.rtz jiiate is. li(»\vever, not made to osedlate eonti- 
nuoudv but is made to emit a sc-rie.s of dampe<l wave-trains 
.,nlv at intervals, properly controlled by a motor. Tliese damped 
^iL'iials traxel doun to the sca-bed. get refleetcd tlicre and 
cane hack to tlie same quartz plate which, in the meanwhile, 
.rets eonneeted throuLdi a switch to tlie reeeiving circuit and now 
a. ts as a detector. The small time-intervals that elapse between 
I lie emis.'^ion of the signals and the reception of their are 

re-ristcred hy an oscillograph*, a reflected beam of light from 
wliieli traverses a at a uniform rate. The impulses 

at zero time. i.r. at the time of tlie generation of tlie signals, 
and at the time of arrival of their echoes deflect a liglit-sjxit on 
the scale which i.s calihrated after <lnly taking into consideration 
the .speed ed'the spot of light on it and the velocity of sound in 
the sea-water under the existing conditions of salinity and 


teinperatme. 

Or. alternatively, the depth variation may be traced out on 
a revolving drum, while the ship is in motion. Thus, due to 
the directional charnetcristic of an ultrasonic beam anci the use 
of a (piartz plate as a transmitter as well as a receiver, it is 
poi^sible not only to determine the depth of the sea. but also 
to deled tlie presence of a submerged submarine or an ice-berg 
and also signal to a distant vessel, (sound-signalling). Precisely 
in the same manner flaws in metal blocks and the level of a 
li(|iiid in a rnetal tank can be easily determined. 

2. Piezc-electric resonators or Standards of Frequency-— 

High frequency oscillations can be accurately standardised by 


* Th's is an i'.istrumrnt in wh;cl» n strip of quartz or Rochelle salt, 
when .subjected to an alternating e.m j.. expands und contracts alternately 
nnd the displacements cf its free end aro raagniOed inechouicully and opti» 
cally and recorded photographically. 
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an ingenious method, .lue to ir. 6'. Cuii/, ill xvliieh he tfes a 

quartz resonator in combination witli a triocie vaKe. 

The quartz resonator with its two metal electro.les (eu- 
closincr it) is arranged in parallel with the condenser of the 
osciilalorv circuit of a triodc valve, the latter bemg approxi- 
matelv tuned to the required resonance frequency ot the 
former and having a milliarnmeter or any other suitable cm rent- 
measuring instrument iacUidod in series witn 
coil This instrument then shows a sudden change of (Uiient . 

the resonance frequency of tiie quartz, when d attains a vci\ 

sharp minimum.-a small variation of 1 in lU^ parts hea- pro- 
(luciim a marked change in tiic value of the cnnuit. Tins is 
due tS a characteristic variation in botii its ctlectne cap, 

and resistance as the frequency crosses tuc resonance \a!uc. 

Anv further increase in frequency beyond this value brings 
back the resonator to its original cajiacity Ihus it is these 
raij'd chama's in the clfcctivc capacity and resistance of tlic 

resonator over a small range of frequencies m the neighboui- 

hood of refonanec which give this simple device its leal etfectne- 

.The frequencies of resonance of bars and plates of qn^J^’ 

ivith evoi. as Wgh a value as 10« (which ai-e easily obtainahlei 

can be accurately determined as explained above 

A very spectacular alternative metlio l to indicate 
A ver> 1 . . p rjiphfi and A Sheibc, in which I lie 

with its'eLti-odcs, is 'placed in a glass tube 

containing « '"y™ • , ,,iffe..ence developed on the two faces 
pressure. Jhe po t resonance is enougli to send a 

luminous dischai„ _ g ^ increases as the point of 

a\naximum at the peak value 

J^resonance and then gradually fades out. 

^ ^ . 11 i r^nee be clear this type of resonator is simplicity 

As vyill a working and yet is capable of high accu- 

itself m Its ® parts'in a million-and has been 

„ey--upto as niud as^ay^w^P^ ranging from 10 ^ to 10 ’ cycles 
fairly wKiyt used careful to excite transverse vib. 

per bar used in the ease of lower frequencies 

™ dTon^tXal vibrations in that of high frequencies. 
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3 Diffraction cf light by ultrasonic waves and testing 
the symmetries of crystals- We know that when a f 

< tliroui_'li a moiliiini. tlicrv is a pcii.iilic \ ariatioii of the 

,lvss,„ean.ri<iMse.|,e ntlvtliiUor density ali.l the lefmetive 
index of the tiKdiuni witli the distance Irom the source, 
thceruat hcinir iniich iiu>ri* pionomiccd in iliccascoi liqnicis 
than in that d >oli(i.> an<l .ti.ises. 'J'hus. it iiltiasonit.' .stationary 
\\a\i*s he Ininifl in a li([UH!. tlio (U-n.sily ofthe liquid will bo 
^Mvalrr in tin- nodal i)lanos tlian elsewhere, ^\itl^ llie result that 
d liehaves IWw ,i flijjradioii {/rriliny lor lii-dit ineiflent on it 
in a (liieclion iicipendic nlar to that ot tlie .sound, the grating 
(It mnif here being Uie wave-length of the .-ound. 

If the sound wave be a |uogrc.ssivf one. the grating too 
naturally ninves with tile velocity of sound, and this produces 
J)oiijtler\'< altering the effective frequency of the light. 

Witii white liL'ht userl. we obtain a central white fringe, flanked 
hv high order‘liffraetion spectra on either si<le. 

'Phis is made u.se of in te.«ting the syminelrics of crystals. 
For. if a heain of ultrasonic wave.s he applied. in the 
manner explaiiu^d above, to an anisotropic* crystal, an inter- 
fiaciiee pattern is c)htained which enables us to .see at a glance 
the elastic svmmetries of tlie crystal in (juc.stion. It has been 
elearlv shown by Jkrgmonn that tlie complete system of c?// 
con.staiits (an thus be olitained from one and the same sample 
of the ery.stal. This has never been possible heretofore. 

4. Determination of the velocity of sound in liquids — 

AiD-iinportant use to whieli ultrasonic waves arc put is in the 
(let nnination of the velocity of sound in liquids, available only 
in small qnanlitifx. This is done with the help of an 'nllrasonic 
inlrrjeronutir'. whieii i.s just an oscillating quartz crystal with a 
rigid hut movable harrier a little ahead of it. Ultrasonic waves 
Irom the crystal get retleeted back fiom the barrier and interfere 
with the on-coming waves, thus forming stationary waves in the 
intervening medium. 


These tlicii react back on tlie transmitting crystal and their 
reaction is noted in the electrical oseiilatorv circuit. 

To determine t he velocity of sound in a liquid, therefore, 
allweliave to do is to dip the crystal, together with the 


•That which does not possess identical properties in all directions. 
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biirrier. inside tlie li.|uid to form .stati..nary waves in it. The 
barrier is tlien trradually moved towards tlic erys al and the 
IMsitions of maximnm reaetion on the latter are "“J;;'; 
of a neon‘'low lamp or an ■<.U:rirotw c r valcf. . Ia e ob. 
viouslv the iKHlal points. Tlie ciistanoo bet ween t wo such sne- 
eessivo Doint.s is measured earefully and this gives hall the 
"XU‘'!h in liquid. Comparing this with the wave- 
h-n 'th in a liipiid in w hieli the velocity oi sound i.-, aecuiaUK 
kiiJwn. its vc-locity in the given Iiqual can be easih calculated 

;:ro;"r 

Piiriiiilili 

systems o It sol 1 r q erystallitiation andfr) 

smoke ami nii-t civ.^. 

^.vnlode nitrogen iodale etc. etc. 

Fur.her. they ahso prodnec oxidising 

Thus, a duid subjected to hem bulb be held in the 

than that of tlie friction between the 

S'andtL'ttU^^^^ high frequency vibrations, soon 

makes it unbearably liot. ^ eonelusive-s 

6. Biological effects Wood and 

iv shown by a and the like are either 

Loomis that smaliei exposed to these waves. In 

7. Other use s <>f “ also been found to be useful 

Thus,-they are now being used on an 
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industrial scale for uashiiiiz fabrics, more specially silken ones, 
aiui a still more recent use of these Avaves is reported to he 
ircide by dental sur;:eons in the jjropcr extraction of broken 
teeth '-tc. 

24 Acoustics cf Buildings— A comparatively modern subject 
to which consjtlcrable attention has been ^iven in recent years 
is nrchitfctural ncoustic.o. or the acoustics of buildings, parti¬ 
cularly of biL' halls and auditoriums. Mure often than not, tlie 
one main drawback of such large rooms is an undue lengthening 
"lit ot tlie sound of the speaker or the singer into a sort of a 
jirolonged 'roll' which considerably impairs its distinctness or 
clarity. This arises from successive reflections of the sound 
wave from different parts of the room.—the ceiling, the flooring 
and the walls etc. At every reflection, however, the sound 
wave loses part of its energy, duo mostly to friction, until finally 
it loses ail and becomes inaudible. It is now commonly agreed 
that it .suffers some 301) reflections to and fro in a room of 
ordinary .size before it actually becomes extinct. But for these 
reflections, a short sharp sound would be received, as such' by a 
listener .stationed anywhere in the room. 

It is thus tho.se inevitable reflections which are responsible 
for a .sorie.s of waves passing the listener’s ears, giving the impres¬ 
sion of a persistence or prolongation of the .sound, which we call 
rf Vf’rh^ratiGn'. The time for which the sound thus persists, i.e. 
until It dies off or falls below the threshold of audibility 
measured from the instant of its generation (iu the case of 
short sounds), or the stopping of the source (in the case of a 
continuous note), IS knowuas ’reverberation timt\ It is a pro. 
per adjustment of this that forms the chief or central problem 
ot constructing halls or rooms with good acoustics. 

The growth and decay of sound density are similar to those 

”i(>»ctivc circuit, as will be dear from curves 

n an n ^r’ ~r ^ spoken syllable 

ordinary auditorium. The origin 0 in the case of the 

the time (zerQ) when the sound energy 
j reaches the h.stener, the part x shows the stage where the 

dSnf*'’''"/ 's reinforced by reflection from 

'>‘0'^ counter.baLce any loSes 
r. f somifl density Steadily rises and 

at part, of the curve, the reinforcements rn'erely sneoeed hi 
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counter-balancing the losses, and the sound density thus attains 
a sfeadif value. 



If the source of sound be made to stop vibrating, the sound 
fleiisity falls as sliown in Fig (6). And, since the fall is not 
sudden, a prolongation or persistence of sound results. It is thus 
obvious that the greater the absorption, the more rapid the fail 
of souiuhdensity and vice versa —tlic reverberation time being 
smaller in the former and greater in the latter case. 

Tho standard reverberation tune oi a room is defined as the 
interval of time taken by a sustained or continuous note to full 
in intensity to 10"® of its original value, leckoning time from tlie 
moment the note is cut otl. It is the time for a decay of 
60 decibels in the intensity of sound, and its value as deduced 
by Sabine*, the fatlier of architectural acoustics, is given by tlie 
expression 

aS ’ 

where V stands for the volume of the room, aS for total absorh- 


*Prac‘ticaUy little or nothing was known of architeotum) acoustit^.s 
prior to the year 1900, and spacious halls and nuditoriuins used to bo 
built with the pious hope that they would prove suitable for tlie purpose 
for which they wore intended, Quito open, however, these hopes were 
belied. The expensive Fogg Art Musouni of Harward 1 niversity is an 
example in point, in which the speaker was hardly intelligible to tlie 
audience, Walltice C. Setbinf was called upon to suggest remedial measures, 
and t})U8 began this modern and important science of the acoustics of 

buildings. 
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iiiLi povkoi'. /'■ hein'i a (.■on>tant. This quantity (iS is equal lO 
wiiore X, is ilir area of the i:iven surfaee exposed to thc- 
sou,,,] ;ind its ahsorption cnetTioient or the ratio of tlie energy 
ahsoihed to tlio total energy incident on it. 


Since jio sound is reflected fiom an open window, it is 
7 eLMrded as a perfect al*>orl)er. It is therefore usual to express 
alixirption eo-eflieietits in terms oftlie ojim iritidow unit’—one 
S'juare foot of an open w indow heing taken as the unit of 
alxorption of .soutid. The oh-iorniion ro-fjfiripnt of a surface 
mm >hu<h' !(■ fin-'d ns the ratio of the Honnd nmrrjn absorbed by 
it to that absorbed by an ryunt area of an open window. 


I’akiug the velocity of sound to he 1per see., the 
relation for tlie reverberation time becomes / = -0oI S, where I 
is in ciibir f'j t and in squat' feet. And. taking the velocity of 
sound to he 34(t metres per .ier., we liave /=•! 71 TaS, where I' 
is in riibir nmtre^ and N. iit ■•square metres. 


It is thus clear from the above discussion that the rever¬ 
beration time of a room or liall may be considerably reduced by 
iucii'asing the absorption of sound in it. This maybe done in 
a variety of ways : for example, by (i) providing some windows 
in the hail. [H) decorating the walls by pictures and maps on 
them, (d'/} using heavy curtains witli folds, (iv) having a good 
sized audience* in it, (eaeh member of the audience being equi¬ 
valent to T7 sq.ft, of an open window), {v) covering the walls 
with a goofi alisorbcnt material and (ri) using uphol.stcred seats, 
whicli not only make for greater comfort but also act as good 
absorbers, maklmi the presence or absence of any audience 
almost immaterial. 


But all tliese remedies should be resorted to only upto a 
reasonable limit and should in no case be overdone, or else a 
d‘.(id(nini rff ct nniy result. In fact, the reverberation time 
sliould not be allowed to fall below a certain value, called the 
optimum lediie^ deduced on the basis of proper study and ex¬ 
perience. This value is found to be 1 to 2 seconds for music 
anfl *5 to 1 second for speech. 


•1 he clothes, and not the ears, of the audience act as absorber^ 
women being better absorbers than men, due no doubt to the nature 
and the e.stent of their clothing. 
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As to the intellig.bihty of speech, it is also affcctccl hv 
loudness, uitli a largo absorption of sound, i.e. ^\ith a smail 
reverberation tiine, although tlie confusion of syllables is mini- 
luized. the intensity of t!ie sound i.s weakened. In the case of 
amplified speecli, as is the case in cinema liouses.the sliorter the 
reverberation time, tlie better: but, for the unaided voice of the 
speaker, some reflection [viz., that arriving back witliin -,’,th of a 
second, i.e. corre.sponding to a path of 75/h) is quite desirable 
to udve it tlie nece.ssary loudne.ss. For a large hall, a reverlicra- 
tion time of 1 to 1*5 seond.'i gives the best intolligibilitv, and a 
really good .speaker might ensure it even with the reverberation 
time going upto 2-5 seconds. 

25. Other factois affecting the acoustics of a building.— 

Although reverberation is the most important single factor 
afU'Cting the acoustic.s of a room or a liall, it is by no rncan.s the 
<.'nly (Jiie. 1 he following otlier factors also re(juire proper 
attention. 

(0 Londuess .—Tlie unaide<l speecli of a speaker can at best 
be audible to an audience, near about a thousand. Tiie audi- 
bility may luiwever l)e improved by using really large sounding 
hoaifis, arrangcfl close to the speaker and facing the audience. 
And. if the speech be amplified electrically, i.e. witli the help 
of lourlspeakers, a.s is so often the case these days, the latter 
must be arranged a little above the level of the speaker's head. 
Tlie u.se of such amplifiers, however, i.s only of a limited value, 
for they have a tendency to make lou frt'quency tones unduly 
jirominent, with the result that tlie amplification has to be kept 
somewhat restricted. Tlie presence of low ceilings anrl tlie 
iib.seiice of alcove-like structure.s also help improve audibility in 
general. 

(//) — pre.sence of large concave, spherical or 

c\ liiulerical sin faces on 
the walls or the ceiling 
{)f a hall (J7’ an audi- 
torium may give rise to 
undesirable focussing 

e If e c t s. Thus, for 
example, in a room like 
the one shown in P’ig. 25, 
a person at L will receive 
a sound of large inten- 



Fig. 2o. 
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Sitv.f..,-the sound waves reac h him 

qiK'ikrr or sin^.T al -S’ and hv focussing from the conca\e 
■J.rkKeorUic room. Xot only that, but the path 

Thu>^ intro.]ucc.i hv the time the waves reach L ma\ 

Tliflr arrival tliere in diirereiit piiases. and thus make the 
e.vi>linii coniu^iim \vor.'*e coidoumkal. 

Then, again, if there he exten.'^ive refleeting surfaces in the 
room. >tatioiarv wave-.system.s miglit be set up in it. resulting 
in a had and uneven intensity distrihution. 

(Hi) Kchdon — tiiere he a structure like a 

stairs or a set ol rail- 


iiiL's, (Fig. 21) . a sharj) 
sound {iroduced in front 
of it may profluee a 
musical note due to tlie 
re<:ular succession of 
echoes of tlie original 
s o u n d reaeliing the 
listener, with a fre- 
f|Ueney witfiin tlie 
audible range, so that 
the listener liears a note 
of this very frequency. 



'■ry , ^ 


Fig 26 


Any regular spacing of such reflecting 
surfaces must therefore he avoided. 


[iv) Extraneous A'oi-sc.—The extraneous noise entering a 
room may be either (a) air-borne or (6) structure-borne. The 
former cannot obviously be eliminated completely unless the 
room i.s to be sealed ofl‘ to all ventilation. This, of course, is 
absurd and absolutely out of question. We may, however, 
minimize this typo of noise by the use of double or triple 
windows and doors, each with its own separate frame*work ; 
or. by using felt bajjies in the ventilator duet, (or by simply 
lining the duet with felt), thus reducing the intensity by about 
1 <lecibel per foot. In addition, proper attention must also be 
paid to the maximum permissible speed of the fans and to the 
air circulation in the room. 

As to the structure-borne noise, like the one due to some 
kind of machinery etc., it can, to a very great extent, be elimi¬ 
nated by breaking the continuity of the solid conducting paths 
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by interposing absorbing material like felt, cork etc. at different 
places along it. Hot water pipes etc. may also be similarly 
insulated acousticalh' from the main .structure of the building. 

(r) Resonance .— Resonance also may sometimes jjiofluce 
undesirable etfects. For, if it happen.s to occur for any note of 
audio-frequency, the intensity of the note may be entirely 
rliffercnt from the one desired. It is found that the resonant 
fi equency of a large room, with the source in a .^mailer attaelied 
A'olurne, is roughly inversely proportional to the square root of 
the volume of tiie room. So that, in halts of ordinary size the 
resonance frequency lies below the limit of audibility, and is 
tluLs quite Iiarmless. It may, however, be observed in the case 
of the lowest notes, emitted by some instruments, as for 
e.xample, from organs in churchc.s, when the sound impulses 
build up to such large magnitudes that we feel them rather than 
h'dr them. 

A.s a result of the above brief study of the different factors 
involved in the good acoustics of a room, we come to the con. 
elusion that the following are what may be called the basic 
requirements for the purpose : 

1. Enough energy must be produced in every part of the 
hall or the auditorium by each simple syllable uttered inside it. 

2. The decay of each syllable sliould be sufficiently quick, 
so that the one succeeding it may be heard distinctly. 

3. Echoes, except the ones required to maintain the neces- 
:sary continuity, should be eliminated. 

4. Undesirable focussing should be carefully prevented 
and any zones of silence or poor audibility must be guarded 
against. 

5. There must be no smooth-curved surfaces, and if there 
be any. their reflecting properties must be impaired by emboss¬ 
ing floral and other designs on them. 

6. There must be no undue reinforcement of any of the 
overtones, so that the tonal quality of the note may be pre¬ 
served as far as possible. 
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All tliC'O fiiftofs have to be kej)t in view, while designing a 


l»iL' hall (‘ 1 ' aiiditoriuin. 
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sound intensitv in cverv 


[>arl of the room. Fig. 27. 

Then, again, tiie retlecting and absorbing surfaces must be 
cart'lullv planned, with a vie^v■ to obtaiti the best results. A 
LTood re flector iminediatelv behind tlie speaker {or the per- 
foi'iner) atid a good ab.sorber at the back of the hail help greatly, 
— tlie former (.iircctitig the energy to wljere it is wanted and 
the latter j)reventing any distinctive echoes. 

d'he possible acoustic [)rf)perties ot a proposed building are 
nowadays .studied in advance, either by observing the travel 
of shoi t .sourul was'es in a scale model ot it. or by observing 
tlie reflections in its .sectional model with the help of a ripple 
tank. 

26 Talking Motion Pictures—Sound Recording on Films.— 

The i lea of making the moving pictures on a screen ‘talk’ 
originated witli Thouui-i Aha E'ti^on. who recorded the talk on 
a gramophone record and comhined the moving-picture projec¬ 
tor with the gramoplione. The success obtained was onh' 
partial. For, firstly, the soumi that came out of Edi.son’s 'talking 
m ichinp.' or gramophone was too feeble to be heard by the 
whole audience in tlie hall and. secondlv. the record had to be 
run at a speed .so as always to be m .s/cp’ with the pictures 
thrown on tiie screen. The fir.st difficulty was to a great extent 
overcome by u.sing an electric fack up', but the latter remained, 
as it was well nigh impossible to perfectly aceuratelv synchro- 
ni7.o the movement of the record witii that of the film. 

Tliis was about tlie year !8!'U. when the diofic-valve, or 
•election tube laid not yet been invented. And. even after the 
fai reaching invention of the diode, the development of the 
talking picture barl to wait for many years, until finally, about 
t le lfi2S. it came t(j stay as a commercial success. The 
new technique consisted in not having a separate record of the 
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sound, but to record the sound also simultaneouslv on the film 
alou/iside the picture itself, in the fortn of a -.^ouiul track', one 
tentli of an ineli w ide, alonu one ediie. 


Two (lifl'erent types of sound records, {{ r. 
curves) are in vogue tliese days. r/:.. (/) ihe mriahlc 
{ii\ ilje ec/nViWe record, tlie former being the 

a slit of variable width and the latter, that of a slit of 
width, illuminated by liglit of \’ariable intensit\’. 


\ibration 
orca and 
image of 
constant 


Let us see how these sound tracks or reeord.s of sound mav 
actually be obtained. 


(0 Variable Area Record. —Here, light from a lamp of 
constant intensity is rendered convergent bv a convex lens L 
and eoncentrated on the mirror of an oscillograph which 
foeuse.s it on a slit a little di.staiu^ away (Fig. 28). Immcdi- 



Fig. 2S. 

ateiy behind tin’s slit runs a film on which pictures are being 
taken at the rate of six per second. 

The voice of the speaker or singer is first picked up by a 
microphone, connected to the phosphor-bronze strip of the 
oscillograpli. The amplified speech current from the micro- 
plione then passes through the oscillograpli strip, ujiwards on 
one side and downwards on the other, resulting in two equal 
opposite and non-collinear parallel forces acting on the two 




appendix 
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,.,,s of tho su-,,,. The ‘i-;'rhr:ie;SS 

hence the mirror ' due to the alternating 

one direction and u , he slit i.- 

nature of the current. A> a »;• * . . the area of the 

l"'ly .Cnlin^.i; bnoe O,- small. giving 

him exposcM to this li-lit 1 . • j .j. ti^e hlni. 

„.a .,la, U wavy stnp ".'-''l f’ edifications 

(m) Variable Density Reco ^ ^ is that in which 

()f tills methofl. llie siinpler am jj, ^3 

a 1 ,articular typp.l '‘''"P; """ a small quantity of 

and back again to Itn^h . ^ * illuminates the slit with a 

understoo.1 from the following : , u lou- 

The filament or tlie cathode is connected through a lou 
ivitterv to the secondary of a transformer, ^\hose 
V i‘<'connected to tlie microphone, as shown in (Pig. -9)j 
’i:r;:i:.tc‘b:u;r -melted as «s«!d. ^ a high tension battery 

(Iiol shown). 

The sound of the speaker or the singer is led into the 

microphone, so that an 
amplified speech current 
flows through tlic pri¬ 
mary coil. A varying 
c. in. f. is thus set up in 
the secondary, which is 
superposed over that of 
the battery, producing 
<'on.siderablc fluctuations 
in the intensity of the 
lamp. 

When the filament 

irets suflicientlj' heated 

bv the current, a glow 
emanates from the plate or the anode and the filament current 



Fig. 29. 



REPRODUCTION OF SOUND FROM THE FILMS 


353 


is now cut off. Tlie amplified speech current thu.s gets super¬ 
posed over the plate current, re.sulting in a variation of the 
total current in tiie plate circuit and tliis. in its turn, causes a 
variation in the intensity of the glow. Ihe slit in Iront of the 
Aeo lamp thus receives light of varying inlensitie.s, and eon.se- 
<juently its image obtained on the moving film, exposed to it. 
is of a correspondingly variable density. 

27 Reproduction of Sound from the Film Record- Lot 
iLS now .see how the .sound is reproduced on tlie screen from tlie 
vound track on the film. As we know, tlie pictures tliroun on 
the screen are ones ami that they are projected at tJie rate 
of 24 pictures per .second to give the idea of contiimily flue to 
persistence of vi.sion. Xow. as each picture passes the slit or 
the picture gate, it is stationary for just a moment and then 
pas.«es onwards. On the otlier hand, the sound record moves 
continuously forwards, so that tliere i.s a lag between the motion 
of the two and this has to he properly allowed lor if the souiu 
is to .svnclironize with the‘acting’ in tlie film. In the usual 
macliines, this distance between the point where tlie pictuic is 
.sliown. i.c. the picture gate, and tlic point where the .sound 
track is illuminated is 14-5 inches. The picture record and the 
.sound track do not therefore he side by si<le, but the luiinei i.s 

14'o inches in advance of the latter. 

Tlius, it becomes unnecessary to take the sound record on 
the «ame film simultaneously witli tlic shooting of the 
- Hi i miv therefore be taken more convenient y on another film 
In a senam^ from the studio where he picture 

record is made. The two films must however be made to run at 

^t'ture an^ e tun" Thil ciu easily be .lone by gearing 
r<* Proieetor to a separate motor, tbe two motors bemg eon- 
n'c^cd electrically to have the same speed of rotation 

The broad outlines of the working of the sound projector 

are briefly as follows : n i • * i fiu 

Tinhtfroman 'excUer lamp', with a small horizontal fila- 

"'"f sing itts 

condensi g formed on the sound gate by anothei 

3r set of tnses sm that this narrow beam of light, about the 
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sarno ill width as tlie suuncl track, now illuminates the sound 

film ni(t\’in_r unif<)rm!\' in tiont of the gate. Tlie fluctuating light 
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Fig. 30. 

emerging from the sound film, due to the varying densities of 
the sound track, then i)a.sscs through the photo-electric cell, or 
the -(leciric et/e', as it is often referred to, causing corresponding 
fluctuations of current through it. This varying current, the 
frecjucncy and magnitude of the variation of which is identical 
with the souiul retord. is then amplified in the usual manner 
and le I on to the loudspeaker. 
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QUESTIONS 


Miiiiv of the followiiiji <•|;n^shOIlS an' tak-n froin Exatnination l'a[) is s -t 

ill the Uiii\-ersiuos Oi‘ I'amhrul;'.', Loa-ioii luict Dahlin aii'l ;ii tlio 

Xiitional L’ni\oisity of InlaiuJ. 

Questions below tlio line in ea:h seetion are sJinowluit mjio ililliciiit tlioii 

those uliovo tlie line. 

CHAPTER I 

1 . fan sonii'l he propajinteil tlironuii a vacmun ? Deserilje an 
experiment hearing on this ()Up.stion. 

2 What ..•liaracteristii’s iliitini'uish a musical sound from a noise ? 

3 De.scritie an experiment from wliieh yon conelinlo tliat sound is 
duo to the viliiMti-ms ot tli- soun.iini; body. D j nil vibrations gi\ e rise 
to audible soan.l: ? Illustr.U ‘ your an.s.vo-' by examples. 

•1. On what eh i-acleristics of an air-w ivo «io th> intensity, pitch 
and quality respectively of tlio corresponding sound depend ? 

.0 Wliat experiment d oviiloneo leiuls to the belief that sound is 
propagated liy wave motion ? 

i) How wouhl yon prove oxp'rimcntally that the musical interval 
between two notes cun be ineasure'd by the ratio of the vibration numbers 
of tlio two notes ? 

7. Explain how to use the Dis:* Siren wuh circles of 40. aO. CO and 
80 lioles respect ivciy to fiiul t lie vibration ratio of a major sixth, ns.sum- 
ing that the interval between the note G and the note <■ above it is a 
major sixth. 

8 . Shew t hat tlie inoasnro of the dilTercnce between two intervals 
is obtaineii by dividing tiic vibration ratio of the larger interv.i4 by the 
viliration ratio of the smaller. 

'» Hv wiiat interval do two intervals whose vibration ratios are 
3 2 and A3 difier from e.ich ocher ? What are these intervals and ul.at 
is the inter.al got by adding them together ? 

10 Shew that, if the interval between two notes is mcasiireil by the 
logarithm of the ratio of the freciuencies of the two notes, the .«um of the 
mtasures of two intervals will be the measure of the sum ol the intervals. 

CHAPTER II 

1 What is m.nnt bya perfectly clastic I ody and by limits of elas¬ 
ticity ? Distinguish between a soft solid and a wry viscous liquid. 
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■2. Stilt-' rleuly til-' proj»(“rtios a nii'diuni must h<ne in order that 
if Ill ly serve as a soiiiul carrier. 

3. State ffook'‘'-s Lave ami mention n few cases in uliieli the law 
lioliis. Docs it lor j 2 ii.se.s ? 

4. Wiiat i-s meant hy a Siiii|-le irnrmonic \ ibiation ? How is the 
displaceinenl related to t'a. accei.'iatK‘»n m sin-h a vihiulion i 

Wliut is m. ant by I.sochronism ? Give instances of isochronous 
libniiiuii.s. 

(), Sl.eu-that in the ease of the Siinpio Harmonic Vibration of a 
small ma.-s tli-- iKilciiiial em i-ry is |)ro[).inion.il to (lie S'jimro ol the dis- 
pla- emi nt I-I the iii.tjs from it.s e<iuilibriiim position. 

7. Shewtl.atifaradiusof a fircio rotates with uniform angular 
velo-.ity, tlie foot of ilie ju'rpeiidicnlar from itseml on any lixed diameter 
will fierforrn .'^itnple harmonic vilirulions. 

5. I’rove t hat a mass supported at tlie end of a spiral spring will 
c.\efuto Simple llarinoiiic ^ ibrntions when .sliglitly displaced. Calculate 
the* periodic lime on the as.sumpti-.-n that the mass of tlic spring may b6 
neglected, 

0. Kxpiain bow tbe variations of the displacement and tbe velocity 
nspectively ^ifli tlie time fora body executing simple harmordo vibra¬ 
tions may lie lepr-scnted by Sino Cur\es. U'hat is llio relation of the 
two ciirvc.s to each other as regards tlieir phases ? 


ID. Define the terms pcriotl. amplitude and phase of a Nibrating 
p-utifl.'. Slu-w how the difference between tlie phases of two panicles 
vibrating with tlio same period can be exprtssed by an angle. 

11. Prove t hat in the case of simple hniraonic motion the period of 
vibration is eipiu! to 37r divided by the square root of the acceleration of 
the V ibniting body when it lirs unit displacement. 

12. Find the period of vilirntion of R mass of I kgr. attached to a 
spitiU spring of such st'ffncss that an extra load of 15 gm. produces an 
cxtensiQii of 1 cm. 


13. Describe and explain a method of adjusting the pitch of a 
tuningfork. 

14. Describe the changes that lake place in the curve traced out by 
a l)oint. which has siimiltanccusly two simple harmonic vibrations in 
directions nt right angles, the periods of the two vibrations being nearly, 
but not (luite, equal. 


15. A particle vibrates harmonically with a period of 2 sec. Find 
its amplitude if its maximum velocity is 10 cm. per sec, 

16. Finil the total energy of the particle in Fxamplo 15, nssuraine 

its mnss to be 20 gm. ® 

17. A string two feet long has its ends fixed at two points one foot 
apart and in ilie same horizontal line. Another string is attached to the 
middle point of the first string and has a bob at its lower end. Shew that 
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^vhcn tliis p-’cond .=tnnc I'.as of'rtiliii tlio bob will doseribo 

IJss;ijoiis' Fis-urcs wbfi. s^i swingiiifr. 

Find tho K'ngfh of tb.‘socoiuUtring wliPii llio l.ob is e.ipnblo of des¬ 
cribing the 2 : 1 figure. 

CHAVTER III 

1 <^bew that when n train of trnnsverso waves is passing along a 
series of particles the time take., by the waves to travel one Wave-!englh 
is ccjual to the period of vibration of a particle. 

From the relation in Question 1 prove M.e erjuation r = nX. 

t «5how Gronhiealiv that when two similar trains of waves travel in 
opposite d!r«.tio,J ..lon;.'a siring, s.a.ionnry vilnn.rons are proclucecl. 

4 Constrnet „ diugrnm si,owing the rcsnlt of ecmpoumi.ng two 

trains of waves one of which has do, .1,10 the wn.v-lenglh and donh.e the 

liinnlitude of tlio olbi‘r- i - • 

.1. Assuming that the velocity of ^vavcs on 

r.nd the period of vibrntion of « string when g.vrng out rls funds- 

;r-; 

SaZ'XiZ^'riencriSo. Find its fro.p.ency when both rts 

tension and length are doubled, 

in Two strings of the same , ^rd If the tensions of tho 

rosptetivel.v are I'U “ef°cTibs, rrnd 311 lbs re.spectivofv, what 

Z‘|Trr;rore^bttrf‘.1.: notes prodneed when the stt.ngs are 

plucked ? „„i», frive the same note, but tlie 

tension oi one isj u 

Twowiresoneofatn.iniu„a^fhe^tof st^. 

rtirortho^neZronC notes enrit.ed wl cn each wire ts sound,n 

Us ‘fundamental ! .„„inium is 2 05 and that of steel is 7-8, 

The specific gravitj o_ 
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]?,_ Prove the velerity of tliC wavM in a string is ^/T/p. 

14 Wfat till* fronuoncy of a stnnj. \\ho.o I ^ ^ 

;vhose vve.oht i- 1 i:.n . ula-n ..frctched ).y a weight of J) kgm. . 

1.-,. If an Mldifion of iV. Ihs to tin- tension of a string raises its pitch 
a lifth. wliat was tic original tension ? ^ , 

1 ,!. sl„.wl.ynm,.tl,o.Ui.iul..rlothat.,fy-,3 that t!,e veloc.tyofa 
j>nitii loat any inoiia nt ispi'cn \jy O.errjuation 

{rt-xl 

K A 

CHAPTER IV 


L Wiint ih van uiK?^^r.stanr) ))y longitudinal and transverse waves ? 


of partici' S nn* aiTanprd in a strni;:bt lino at equal distances 
..j .. . S}jo\v on a diat'ram Ou' rolatixe positions the particles at a 
particular instunt wlion (^) a li>r.citudinal wave luid (h) a transverse wa%e 
is piissiny all ntr tlio row < f pariioles. 


A nuinl 
apart. 


2. Shaw how the disf)laceincnt at any instant of succossiv^e layei^ 
of nir Ihrouyli which souiuhwavcs are being propaputed may be graphi¬ 
cally repre.scntcd. Indicate on y<air diagram the layers having maximum 
and ininirnuin \ elocity respectively, iiinl those at maximum and minimum 
pressure respecti\ oiy. 


ti. Sound travels with a speed of 1120 ft. per sec. at 60^ F, ^\hat 
are the wave lengths of notes with frc<iuencics 32 and 2.')6 ? What is the 
frequency of u riotc whose wave-lengtii is 1 in. ? 

4. Stiite the law of variation of tl)e intensity of sound at a point 
with tlio distance of the f)oint from the source ol sotjnd, giving a general 
expianation of th** cause of the cliange of intensity. Does the wave¬ 
length or t)io ainplitiuio differ at different distances from the source ? 


5. State and shew bv diagrams the way in which condensation is 
related to clisplocciuent in a progressive wave and in u stationary vibra¬ 
tion in air. 


6 . Dereribc the motion of the air in two adjoining $3gments of a 
train of stationary x ibrations. 

7. Wiml is fi wave.front ? How is it related to tlie direction of 
propagation of the sound ? 

State generally the nature of the reflection of sound at the 
oiosfd and open end of a pipe respectively, and give tlie reason for the 
difference. 


9, Give a general account of the distribution of energy in (o) a 
progressive wave and (6) n stationary vibration. 

10. Shew that if sound travels along a tube which has a sudden 

change of boro at some point, there will be reflection of tlie sound at that 
point. 
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questions 

11. Shew th.U if 

...... ve,oe,.. 

wm not occupy the pouf.ou shcuu ... Hj. 41. 

CH.M'TER V 

. ,j i- .n..i-.liin<' 1>el»in<l a bniKl. it is 

1. When a rej-iim-nt otT.or but a kitid oi uavo 

seen ibat the men are * Why is tliis ? 

travels baekwards alont- ^ procession lOSO ft- long, and 

o A band is leaving at tbi- '‘ j,, ,i,ne with the music as 

oshcw.^^^^ o........nn 

varies with the temperature - 


•ies with the temperature. , ,ound in air 1200 ft. per 

4 . At what is lOO'O ft. per see. ? 

velocity of sound 

in air’is independe nt of the pressure . frequency is 

G. Find the air is 1100 ft. per sec. and that 

OQO Assume that the ' eloci . hydrogen. 

U.e'densityofairisU 4times ^ ^vavc-length ofoSOcm in 

- .V sound generated i onO fin. per sec. and in Qir 

,,„fer'; luC vcloc^ity -um. ;n,,,,, 
34 000 cm. per s-c.. find tho tiequen > . , , 

bv an observer in air. made bv Newton in calculating 

S. Explain the naturo ot 'e error maae^^,> 

iho velocity of sound, and tho Round-wavos are propaga- 

V The temperature of though which eharaeter. 

red i/suppos3d J be an explanation of them 

describe the nature of the» g ,,.^3 heard at 

10 The sound of a gun from a dist t another day tho 

^ ^?h„:'r;;r«y ..«ve ..u..Uibuted .o .he a,ffeco„cc 

iiitcrvid was 21 80C- ____ 

. 

the cylinder when toe y 
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w-rk done l.v llio fur v.l.m tlif piston dosenbos its o.itwnrdpath.pro- 
vi.Jc.i il.. <-nMipro<sioiis„ro . itl.rr i^otfuTimd or ndinbnt»c. but thflt the 
tu.. u-.,k aro ant fMpial if t\ure i.-f a t ranfiferonco of heat 

bntwMti tlionirriiKl ilio walls of »li'’ rvlindc-r Icsstbnn isrefjmred to make 
fli.- o.',nprosu..t.s isofla rmal. Show that in the latter rase the vibrations 
nf (he Will !-e <lainp.d a»,d thence deduce Stokes’ conclusion that 

(Ii.-eoiiipiessiors and raff lac t i<.ns In a sound-wave must he either iso- 
tliorinul adiabali''. 

('•HAPTKH VI 


I i:\|)lain the fermiition of ..hoes, A person standing between 
two lii;:li fiaraih'l walls makes a sharp sourul. Aceoimt for the series of 
echoes he will liear. Consider the case wheie the observer is lialf way 
beiwcen the walls arirl the ease wnerc he is nearer to one wall than to tli© 
other. 


2. Two men are equidistant from the face of a piano vertical cliff 
and are lOdo ft, a[iart. On one of them firing a pi.stol the other hears the 
echo one second after hearing the direct report. TJie Nclocity of sound 
hcitic lit'" ft per sec.. fin<l tlie distance of the men from the cliff. Would 
the interval between the two sounds he loncer on a hot or a cold dav ? 

3. A person stnndinc at tlie fnd of a row of posts one foot apart 
makes a sharp sound w hich lie hears reflected from eacli of the posts in 
.•succession. Wlmt i.s tlie frequency of the note re.sulting from the series 
of echoes ? 

4. A vibrating tuning-fork is placed in front of a wall. How could 
you find flio positions of the nodes formed between the fork and the wall, 
and how could you use your observations for calculating the frequency of 
vibration of (ho fork ? W hy are the nodes sliarpcst near the wall ? 

• >. E.'cpiaiii why a wlii.sper at one point in a large room can some¬ 
times he heard plainly at some other point. 

C. A source of sound is situated under water. Give a diagram 
sliewing tlie change in the direction of the rovs wiien they emerge from 
the water. 


I. Account for the difference between light and sound as regards 
the formation of shadows. 

8. How is the a|)parent pitch of a sound affected by(l) motion of 
the source, (2) motion of the observer, (3) wind ? 

Two horns on a moving motor car sound a perfect 6fth. Will a 
stationary observer hear the same or a different interval ? 

9 The note sounded by the horn of a motor car falls a whole tone 
in pitch as It passes a stationary obser\cr. Shew that the car must be 
travelling about 45 miles per hour. 


of 8o\?nd experiment for proving directly the laws of reflection 

be rt,’" >^*"6 a hill from which a well-defined echo can 

oo heard. The engine driver sounds his whistle. What will be the 
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cliarnotor of the oclio hoard (1) by tho erit^ino driver and (2) by an observer 
who is stationary ? 

12 A train approaobosn stationarv observer, the velocity of the train 
being one twentiotl. the velocity of sonml. and a sharp blast is bloini 
with the wliistle of tlie engine at erjiial intervals of a second. 1-indtbe 
intorA-al between the siicces.'ivc blasts ns heard by (be obseivei'. 

1.1 Shi'w tliat in Rvample I the obs*Tver will liear siiiiuitniiecnsly 
three series of equidistant oeboes. tb** interval between (lie iiietnbers ol a 
series being the same in oae!» of the three series. 

U Atrain whistles as it passes a stationary observer with veloony o- 
Find the interval between the notes bennl by the obs-iAer when the 
trainisapproael,ingbiinand%vl.enitis leaving him. and shew that tlie 
total fall of pitcli would bo the same if llie ob^orvor wore in the train end 
f}ie whistle were stationary. 


PHAPTKU VII 

1. State wl.at you understand by the term Interference. Mention 
several instance.^. 

O Describe the methorl of finding tne velocity of sound by Scebeek s 
Tubo.'n,Krrnonti:in any advantages the tnothod possesses as compared 
with those carried out in the op‘’n air. 

in<r noint, but there may be no change of pressure. . 

1'r 7:.!r f.o,..„o.s =o, 

r wlTL Co.bi„a.l™ Tono, 

,1.0 fi orinonoies of the first nnd 100 and 100. 

^-"'rof U,e consonant intervais 

'''''''Vj''KldFf~.nto‘'o^^^^ 

notes A, G. b and J. iroi Difference Tones give ? 

it What succession ol notes >wii tut 

. ,.v:— ESTiviS i" s 



QUESTION'S 




c 

apr-i 


itK'ir f.v(|iiriMy iJ' tl,e fork ii.akrs r.I2 \ibrations per second and 
tlie wall witli a \ t*locily of oO" rrn. per s-c-oiid. 

II. \\ lilt !•? fln‘ vi-lii'ity of .'joitiul in n i;as in wliich two waves of 
i'liLik 1 iiti'l I >'1 initit.-i r< spill ivvly prodiiC'.- lb hvats in 3 seconds ? 

IJ A \' ire strotiliaii In- a xici^lit of I kilocntinnirs mode 3 beats per 
Sil t* iti l wIk ii sihmhIi iI vv'itti a fork. mihI .'i h^ ats [m r s econd with the same 
tin* >t r« tJ'hiiiii wei;:lit wns iiH‘r(‘ased by 4^)0 grammes. An 
a i.ijtittu to ilio wiMuht of lOO ^rnmffK's maile the boats slower 

HI tLc fir>i <itiickor in tlu‘ second, hiud the frc'rjuenpy of tho fork, 

CHAPTER \TII 

1 lAplain till' jiKMiiingof th«' tornis Free Vibration. Forced Vibra* 
turn .111(1 Ki'Minant N'lbiiition State in general terms the effect of a periodic 
Ml pioiiiicinj: \ ibralions in an elastic body. 

2. A tnnini'-fork is struck smartly and bold with its base on a sound- 
bo.inl, .\ftM- till' .sound lias died away the fork i.s again struck with the 
•'i 'jiu- intensity and held in the band away from the sound-board. Which 
anaiiffeineiit crivos (I) the louder .sound'and (2) the longer duration of 
soiiiid ? (ii\ e ivasons for your answer. 

3. \\ by must two tuning-forks be ver>- nearly in unison to shew 
resonance, whibt two strinus on the same sound box'give resonance when 
ttiey are only approximately in unison ? 

I A lork making 2.i() vibrations per second is held over a tall narrow 
lar tilled \mh water, and the water is allowed to run out gradually through 
a i.ip at tl.o l.ottom untd tnaximum resonance is obtained. What is the 
I. pt h ol t he w.a,., Ii-vol below the top of the jar ? Find two other notes 

..,n,,' t*- oorrecuo..forth. 

tl,e I'oto* Wluu'is'ils i'ngth'T*(c=2Ul.?’’''" 


niatelv invent V Helmholtz Resonator is approxi- 

g-meral term's how volume. State in 

tf il.e mouth. * '■•"■iations in the sizo and shape 

» l» h,.r!of ratio of tho int.rval between two Resonators 

'vlulethcotlierhns. tK ’.I ^ only o single opening 

-^t'ftpe. H’hatwould brtiio nnEof^^^ 

openings ucio close together ^ ^ ^ interval if the three 



QUESTIONS 


303 


CHAPTER IX 

1, State Helmliolt/.’s Tlionry of the cause of the ililTc-rencos of 
cjiinlity of the notes of diflV-ient nistrninonts. 

How woulil you prove timt the note piven by plucking a strotcliod 
strintT ie not a siini)le tone? IXsonbeand explain the clitYcien. es of quality 
cine to iilucking at different points and witfi diffcriiit nistrunients. 

3 Describe three diHcrcnt inetliods by wl.ich you could slicw that 
the note of a pianoforte contains a I arinonic a twclltb above tbo fuiHla- 
loontal. Slate how one or more of your methods would i)e mterlcred 
with if tlie jiinnoforte were badly out of lune. 

4. How can an approximately pure tone be produced ! 

-> \ kev on a pianoforte is held down and the next adjacent octax es 

above and beiow are separately ^struck staccato. Dcs. ribe and explain Die 
result in tlie two oases. 

0 Two strings are stretched side by side on a monochord and tuned 

toCandc. If cillier string is sounded and then silenced, the other «il. 

be found to be sounding 0 . Explain this. 

7 Shew whv the resonance of a massive body such ns a tuning-foiK. 

whicli. when set in vibration, goes on for some tune, is ” 
indication of tl.oexiatfnc-e in a sonml of n of 

cpieney than the resonance of a body of lo-s mass, such os 

8 WImt is meant hv n Periodic Curve ? State generally the naturo 
of Fouricrl n.mlvsis of sui-h a curve. Wlmt Is the appheation of the 

analysis to a complex tnusieal note ? 

<J. How does the mouth modify the quality of singing ? 

10. State the rival theories as to tlie naturo of vowel sounds. 

II Compare the eve and the car ns regards their power 
.om/dex v^rns. TVhat are the limitations to the resolving pouei of 

"‘"l"' SlateOhm’aL.nvastothepl.vsicalhaai8 of pure tones. What 

isll,ci,atureofthecvidenceonrv)..cl.itre.sts! 

13, Give a general account of Hel.nhoUr,-s method of synthcs./.u.g 

compl^^N notes. . 

. 

CHAPTER X 

] Slicw that the wave-length of the fundamental of a dosed organ 
frequencies in the ratio R 3, o etc. 



QUESTION'S 



•{ j),.M.,ih,«tlHMnafionort}--air in an opr-n orcan pipe wh-.ch 
tjiv(n-.,nt a. tir>. ovvrtora-. What rhan::' u’lll tako placa in the note and 
, 1 , . ino.lr olMUratmii. if a l.olo l-.iv,! in tli- pip.-near lt^^ centre ? 

.} H,.u-do tiic-.notion, of tl.o part.cl.-s of air uitl.in a sounding 

org.iw [npo .lili- r froii. the moti Ti. of tle- purliekv of air ouUido the pipe 
1»\' wliloh iIm’ sonn<l to a(li>Uin 06 ? 

A-'*‘uiniriu thut tli<* voloriiy of souii;) in air 1100 ft per 
<in I the vihration nurnl>er of an opon-pipf. 4 ft. long, nog- 

!»'• finu’ lla* <‘ 0 !ior tfi<‘ oprn (iiis. 

IV KtpI un wliy iho nolo fall^ noni ly l)nt not quito an octavo, when 
you I'Uxr (hr opi n end of an opi n oi^rin pipe. 

i:\phnn why tt.e oml of o reed pipe at which tljo rood i.s situated 
must i )0 roirarded as a clost'd did. 

S. T) '^5rrihe and explain the x arious in 'tlioda of toning organ pipes. 

fi. TIow cun tlio mode of vibration of tlu‘ air in an open organ pipo 
})e sho'vn expcrirnontally ? 

Id. .An pipe lias n manornetrle capsulo at its middle point, and 
nnotlicr a quarter of its longtii from ono end. The pipo is made to give 
its fir>t four tones in succession. I)c^crihe the effect on the flames in each 
case. 


11 . Clive a general .statement of the < ffect of a oliongo of temperature 
on the pilch of different classes of pipes. 

iShs^w that two flue pipes of ditTeront pitclics will rise in pitch by 
tlie same interval for a given rise of temperature. 

13. A flue pipe gives the note C at lo’C. At what temperature will 
it give the note Ct|. a semitone higher ? 


14. Discuss the effect of the correction for the open end on the rela- 
ti\c freiiuencies of the prc'per tones of a pipe. 

h> Explain why the note of a wide pipo contains fewer harmonics 
than the nolo of n narrow pip6. 

10 . W hy are the higlier harmonics of a reed pipe stronger tlian those 

of a flue pipe ? U liy do the reads in an organ always have pipes osso* 
emted with them ? . i r 


• ^*0 ^ not' whose frequency is oOO when blown with 

air at -0 C. \\ hen the same whistle is put in a furnace and again blown 
Will) air, It is found to give a note whoso froouencyis 1200, What is the 
temperature of the furnace ? 


CHAPTER XI 

1. A rod is fixe<l at one end and has the other end free. Describe in 
general terms its possible types of vibration. 

».d the 
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3. What are the advantagos of a tiiniiig fork as a btandurd of 
{dteh ? 

4. Explain the principle of Wheatstone's Kiilfidopiiono. 

5 How could you show that ulien u plate is vibrating two ndjaconb 

sections separated by a nodal line are always moving m opposite <lircc- 

tions ? 


C Two tuning-forks have the same proportions, and are made of 
similar’material. One of the forks is a Xifth higiier than the other. What 
is the ratio of their weights ? 

7 Explain whv the frequency of the transverse vibrations of a rod 
fixed at one end is independent of tho dimensions of the rod at right 
angles to the plane of vibration, but is not independent of the ditntnsior.s 

in the piano of vibration. 

S. Shew tliat when a rod fixed at one end vibrates transversely, tho 
nodes cannot bo equidistant. 

q Shew that wl.cn n hell is giving its lowest proper tone, there 

must lie both la.lial and tangential motion at the nm. How is this Inct 

made use of in the ordinary nx-thod of making a wine glass sing by rub¬ 
bing a wet finger round the run ? 

CHAPTER XII 

1 Slenticn the chief objeclicns to the earlier methods of finding tho 

velccily ofToundh.thoopouiirby obsorving tho .nlenol botweon tl.o 

fli.sli and report of a cannon. . , . 

2. Describe some laboratory method of finding the velocity of 

sound in uir. r 

3. Give a brief outline of two methods by which tho velocity of 

sound in carbon dioxide could be found. 

. u frtrm ftf the Siren on<l explain Jjow it could bo 

to taTVlto iroquenoy of vibration of on clectr.cally nruin.aincd 

Dvseribo n method by which yon could determine os directly os 
..ossibic ll.e ratio of tl.e frequences of two tnn.ng-forhs. 

,i. How is tl.o Tonometer used for finding the frequency of v.brut.on 

of n tuning-toik ? pnown frequencies and a resononco 

.nbe.^ h.:r make to tbew that d.flbrent notes 

travel in uirwilh equal'dot' „.ould be made in tho dust figures in 

8 ™ ’in fl) the length and (2) tliiekncss of 

Ktmdt s experiment by aciiung v 

the vibrating rod, jPo tuoi, ions’Figure method of compar- 

ing the frfquencie“s“o1'fwo?orks as comp'^red with the rne.hcd of beats. 


QUESTION’S 



1<>, 'l\ro tiniinc-fork'^ Jiro known to sliithtly snoro than n fifth apart. 
They a tv ii-f'd lor prixliiciii!;' a Lisstijon-i h it'll re, aii<l it is iolliul that the 
fitruri-it-j‘ yell’of r haiiti"s in IS jiocoini'. Assuming iho fre« 
fjiKMii y uf tho low.M- fork to he ihil. find tlie frequency of ti c higher. 

CIIAITKR Xlir 


I. Kxfihiiit the principle of the I’lionoL'rapli. 

A \ioIin solo is reproduced <>11 a phonograph, but (he phonograph 
is run twice as fast as uhen the n-eord was taken. Will the solo sound in 
tune 

:i. Kxrilain how the fihonograpli has been used to test the theories of 
the origin of Nowr-l soimd.s. 

-I. l'-xf)'aiu the action of the Hell T'elejdiono. 

■>. Dc.«eril)i* .s.iiiie form of Carbon 'rransinitter. 


CH.\ PTER XIV 


I. De..< ribe and explain tla; sens.itjons produced when tlio pitches 
of two notes originally in uni-on ar-- graduallv' varied until they difTer by 
a Mi.ijoi third. In what avv do^s the CNpcninent d rpend on whether th*o 
nuti s jite of high or of low pitch ? 

I Wo tuning-fi>rks nearly an octave apart and free from overtones 
uive beats wli- n soiin led together. What is the cause of the beats ? 

3 On what grounds do wc su(»pos-? be it.s to be an important factor 

III oiir sen.saiioiis of cuisonaneo aiul dis.sonanc(‘ '! 

4 I se Hehuholt/ .s iiictlmd for comparing the con.sonanco of a major 

tiiird (4 : .>) and a la.ijc r tuntli \2 : .*1), ^ 


\vtn.’ ift « stopped organ pipe. 

Uhat .bhercnrcinthM-nect w.llthereb-in th- two eases when { 1 ) the 
eivn pipe play.s the lower nut •and ( 2 , th • st ipp.-d pjp> pi lyg tho lower 


h A major third is given (1) on two clarinets, (2) on two hautboys 
anil {A) one note on a clarinet and one on a lMUilbo\. Explain tho different 
Otgro(8<ir uissofuuic^'. 

What do you understand by a Consonant Triad’ Find what 
( uismiaiit tiiads me possible %vithin the compass of one octave. 

nurl tl-'* s^’f’orid inversion of a major triad 


CHAPTER XV 

the fiindanRiit'il in d!'luumonic tones accompanying 

--tsthe' ea^ it! 



QUESTIONS 



2. An octave an<l a twolftli nvo botli poifpct ronsonanros. \ot a 
niistin\ed octave is worse tlian a inist\me<i twelfth. Wliv is this V 

3. Two pure tones are to he tuneil to a fiftli. Sliow tlmt tlie tmiiiip 
is facilitatcil if tl>e octavo of the lower note is al-o saiindccl. 

*1 1 \ 1*. t nt c• saI ^ t la in a11\ system of teiDperainoDt fho otijn es 

must ho true* whilst tho minor tliinls m ly I) * consitloinblv (hlTertnt tVoui 
true minor thir Is ? 

5. What is tiio true <hatonic scale arui what are its n'K’autajcs o\% r 
othr*r scales ? 

0. How could tho monochord he use<J to tunc eight notes on a piano¬ 
forte to a trucMiialonic scale ? 

7. Show tliat if the scale of Con n pianoforte is tiuud witli true 
intonaHon, tho note A so ohtainerl will be out of tune, if used as the super, 
onjo of the scale of (J. 

S. Why is it imprncticnhle to Jiavc the nrisical intcrsals [)Clfoctl^• 
friu' on a pianoforte ? 

9. Find tho interval between successive .semitones in the e<]uallv 
tcm[)ore<l scale. 

10. On the pianoforte twelve lifths rnaUo so\en octaves. Find from 
this tho error of a fifth. 

II* Slu*w that an ecjual tcinj^cramont minor third is nhout j i comma 
flat by using the fact that four cfjual temperament minor thirds nnik<' an 
octavo 

CHAPTER XVI 

1. \\’liv <lo ihe strings of a pinnnforto clifTor in thickness an<l length ? 

2. State ponerallv how the tumlity of tlio noto of a pianofoHo is 
afTocterl bv (1) the (joint struck, (2) the shape of tlie Juiiiimer an J (3)tlie 
liardnesa of tlie luinimer. 

3. Explain the method of produeirig the scale on a Brass Instrimient 
with \-alve9. If the \’alv03 are tuned correctly when used SP|)arHtely, the 
note produced when two valves are us.-d together will bo sharp. Why 
is this ? 

4. Explain how and wliy a rise of temperature nffeets the pitch <f 
tho wind instruments in the orchestra. 

If the velocity of sound is Hid ft. per see. at (10^K. and 1140 ft. per see. 
at 77'F.. how much would a trump t player have to alter the length of 
his instrument in order to keep to his original pitch, if the temperntnro 
of tho instnimont ••ose from OO^F. to 77‘F ! (The tube of the trujnpet in 
F is (j ft. long.) 

Would a given rise of temperature affect the pilch of a buss 
trombone and of a cornet to the same ext«-nt ? Give reusons for your 
answer. 
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QUESTION’S 


G. W’liy nro iho notes of o fljitoor clarinet [Mit out of tune witli enoh 
<»tln r, u licn the juintsof the instninicut me |iijllcd out to lower its pitch ? 

/ \\ hi( h ol the itistrurnents used irt the orchestra cun play in true 

intoruit ion V 

S. ^\ liich musical instruments lia\o the same o\'ertoiies os a stretched 
striiJi: ? 

n. Lxplnin the principle and use rd the \ ihration Microscope. 

I Action of n Violin Pow ntui de.scribc the mode of 

vi!,riUioii of tlio strii.irofii Violin. 
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ANSWERS TO QUESTIONS 






lur 




1 In* \*ihr;itiot^ rjitio of a major sixth is olitninorl by (lonl>lin 
Oio lowo*-of till't\v*> wlii'*li «ivi* tin' vibmHou rutin 

<ir a iTiiiior tliir<]. 

'• r>ifT< r<»iir(‘of inti'rviils is -i Snni of int«*r\ n)s is Tlie two 
iiitf‘r\-!ils aro ii tiftli niul iii'jjor sixtli an 1 tlioir snni is a 
major tliir<l plus an fx-tiivo or a major tonfli, 

ir. JlV --=i?7r \ J -1-114 so<\ nonrh-. 

V i'» -nsi 

-TT 111 

1'. Max vol —flu =1(1. T —=r2. .'Cl 

M 'n 

1 (■>. Total en<*rcy = Ar/i x (max. vo| .)• j: .) x 20 x 102= i ono ores. 

IT If .r is tlip length r'^Cjiiir-nl. wo liavo tho r.-lntioii 
r : .T-rr>V3 = 12 : 22 whenro x = 2v3 in. 

Tho nrrancpmoht rloscrihotl i.s known as Hhiokhiirn's Pondiilnm 
)I| s. '1 ho Iriigtlis of the sejjmonls aro cm.. 27-^ oin. and IS,-, 

‘■in. r«'speolivoly. 

= and 3:= 2^. where x = r>0v'2 

2^15 

or the interval is a major sixtli. 

11. The nios-s of the stiintj having the creator tension is doul>ir 
that of tho othiT- 

1‘2. If nj is tho frofjucncy of tho aluminium string anri uo 
iVocjuonoy <5f tlie stool string* then nj : 

,, I A /:!0,(HK)x9Sl 

”"2x100^ In 

3 ^^2M'2.*. ^ „.j,p„co I'=20 Ihs. 


;> Wo have 100= 


= 221-.1 


1 .'., 


/?' 


IV 


Use the eqtmtion f = »X- The wavedoncths are So ft- and 
4'i ft. The freqiionoy i.s IS,440. 
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V. U 


0 , 
t. 

11 . 
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A ..--273 


__ . wlien.’o -r=*'’^ * • 

\ 273' 
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, son.Kl .r»v,l.. .1,. wl.ole Icnc.l. of .ho coh.mn - «he ti.ho 
,l.e men take to make 2 step-s *.c , it travels 1U^U tt. 

; vThence ft. per sec. 

12f»(j 
HUJO " 

L’oy ft. 

Frequency 250. Wave-lenutli 130 cm. 

1-37 : 1. 

Tlie path taken by ti.e echo must be 1100 ft. creator than the 
ili.-^tnnco between the men. whence by ceometry we bncl the 
fli-itaiiee of the men from the wjill is 923 ft. J he interval is 
creatcr on a cold day. 

'J’iie period of the note henr<l i.s the time taken by the sound 
in fravellinc Iwiee the <listance between two adjacent postB. 
'Fakinc the velocity of sound to he 1 H*() ft. per aoo., the fr«- 
quency is 5.70. 

The interval is 'Do .see. 


\ ' 11. 




U. 

12 , 


nil. 4. 
•>. 

0. 

8. 

X. r>. 
XI. 0. 


'File ratio of the frequencies is in each ease lo : 16. whence 
tile difl'erences «if the frequeneies are 3-3 16 " and 66-7 respee- 
lively. 

First Difference Tone .Iti. SscomI Difference Tone* 50 and 100, 
Summation Tone 230. 


If the persojt who carrie.s the fork is the listener, he will liear 
91 hcjits per sec stationan,’ listener in tlie line of motion 
oflhe fork li.'ars no heats when the fork is approachitic him 
and 91 per see. after it has pns.?pd )iim. 

336* met ie.s per se«-. 

If II is tlie fref|ueney of the fork. ;i' that of tlio string with 
4 ni»q cinv. ami n' that ol the atrinp with >I400 gm. we have 
i.'^ii—3 and )»'=.»+«>, whciiee 


1.-3 \ 40(«» 

--«nd ii=rl6f>-9.' 

it±i> A 44UO 


1 '97 ft. 2*16 X 3 and 256 x 5. 

Tlie oftective length of the pipe U U)-3 in. Henci 
lengtii is 4r2 in. and if the velocity of soun.i 
1190 ft. per sec. the freqnencv is 329 - 4 . ’ 

15‘U in. 


tlie wa\e- 
is taken as 


n : n'.-=Vl : V3=l : 1-7.3. 
137-'). 13. .74*CT. 

27 :S. XII. m. SyiT.T 
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INDEX 


The figures refer 

A^'ciistics of Buildings. 3-14.50 
— Factors (‘ffecting. 347 
Adiabatic coclliciont of elasticity of 
n gas, 79 
Aeo lamp. 352 
Aircraft. Detection of, 3.50 
Air-wave.s, general description of 
proj)agati<'n, 57 
Amplitiid<* rlefined, 24 
Analysis of complex vibrations. 147 
Antinodo defiiunl, 47 
Appiin’s tonometer. 190 
Assfciatcd our\ es 02 

Bassoon.247 
Beating reeds. 108 
Beats, general explanation, 115.16, 
300-302 

—, pitch of note heard, 117 
—, experimental illustrations, 117 
—, duo to combination tones, 121.214 
measuremerit of pitch by, 189 
—, effect on the ear, 212 

_, effect on consonance of pure 

tones. 211-12 
Bell-jar experiment. 2 
Bells, vibration of, 181 

—, overtones of. 182 

—, tuning of, 183 
Bell telephone, 206 
Binaural hearing, 259 
Blaikley, on length of wind instni- 
ments, 81—82 

—, on correction for open end, 166 

_, on velocity of sound, 197 

Brass instruments. 249 ; shape of, 
249; crooks of, 249-50 
Bravais and Martin, on velocity of 
sound at high altitudes, 194 
Bugle, 250 

Cagnisrd de le Tour's siren, 185 
Carbon transmitter, 209 
Chladni’s figures, 179 


to llte jtages 
Clarinet, 219, 245 

Clement and Desormes, on ratio of 
specific heats, 80 

CIosimI end of tube, reflection at. 66 
Closed organ pipe, period of. 153 ' 
ON'crtones of. 161 

Colladon and tStunn.on velocity of 
simnd in water. 194 
Combination tones. 118 ; theories of 
origin, 119; metliod of finding 
pitch, 119; formed by harmonics, 
220 

Common chord. 222 
Comparison of intensities of sounds, 
202 

Complex vibration-s, analysis of, 147’; 
synthc.sis of, 151 

Composition of simple harmonic 
motion with uniform motion, 27 
—, of two simple harmonic motions, 
28.29. 31,275 

—, of harmonic vibrations produced 
optically, 33 

Concentration of sound by spherical 
mirrors, 89 ; by walls of room 
91,347 

Condensation m air-waves, 60 
—,ubsoUite, in organ pipes, 200- 
201 

Conirnl pipes, overtones of, 1G7-CS 
Conjugate foci, 89-90 
Consonance. 211 
—, Helmholtz’s theory of, 214 
—, of intervals of pure tones, 214- 
15 

—, of intervals of complex tones, 
215 

—, of notes which have not the 
full series of liarraonics, 219 
—, of triads, 223 

Consonant intervals, defined, 9; 
relative smoothness of, 211 ; 
analysis of relative smoothness 



INDEX 



The fo^res rc/f 


01.21:); <fTccl of uKicning the 

illf'TVills l>\ HM OCt'lV**. 21 < 
roiisoiumt ttiiifls, cl- titU‘<l. 22(>; 
drn\Mti '!i of. 222: < of 

(litr<‘ic-me tones. 221$—2-f 
Cor <le 2.)1 


(’oriiet. 2:)5 

{'(jrreition for ojifn end, 159 ; 
jnnliod < f liiidiiiy. lt'5 ; effect on 
ov'i rtones, lt»() ; effect on (juality. 


107 

( looks I'f l)i'a«s initruinciits. 254 
Cr»)va » disc. 0.“$ 

( III ic, .1. ar d J'.. [$35 
Cur\ es of tlisplucenier 1 of vihrnting 
jinriicli s. 25 ; rclntii n to \ elocity 
curve, 20 ; l»y Lis.sojoiis’ Kigiiros, 
.‘$1 : in transverse wave motion, 
24, OS ; in stationiiry vibratione. 
40 : in a'r-wavea. 02.08, 71 ; in 
leatinp notes. 115 ; in corni)|ex 
\ jbrations, 141; in organ pipes, lOO 


llarnpud Harmonic vibrations, 303 
Hccibul, 2t)9 


r to the paijcj 

Ela.stic vibrations, genera descrip¬ 
tion of. 18 ; isochronism of. 19 ; 
lulculution of period of, 23 
Klastieitv. nature and limitations of, 
13 

—. imperfect, 14 
—, of li(iui<ls. 15. 17 
—, of gase.s. 15. 5.5 
— ,ro(t1ieient of. 23. 78, 79 
Energy current. 298 
_transmitted along train of station¬ 
ary waves, 47. 298 
—, of air-wa\es, 05. 295 
Ec|unl teinperarneiit. 233 ; eirors of 
intervals in, 234 

Ecpial tempeiarnrnt semitone, vi¬ 
bration ratio of, 233 

P'liie pipes. described. 157 
—. period of, 158 
—, overtones of. 159 
—, inetbods of tuning, 1G4 
—. conical, 1G7 
Flute. 241 

Fog .signals, zones of silence near, 
114 


llcfinitioii of intervals, 225, of pure 
tours, 225 ; of complex notes. 226 
I)iat(ini<'scale, defined. 1(1; deriva¬ 
tion and a<Ivantnges of. 228 ; de¬ 
fects of 23(1 

DifTeience of phase defined, 24 
Dimension.^, method of, 183 
Disc siren, 8 

Displacement. See. Curves of dis¬ 
placement 

Disson. iice due to bcat-s, 213 
Dominant, 230 

Doppler’s principle. 99 ; applied to 
light. 1(12 
Drums. 183. 257 

Echelon efTeet, 348 

Ear. described. 13G. 316 

—, resolving power of, 138 

—, limitations of, 139 

Ear trumpet. GG 

Eclioc.s from plan*' surfaces, 88 

—. from palings, 92 

Elastic deforniution, relation to tie- 
forming force, 15 


Forced vibrations. 122, 123; ompH- 
tutle of, 13(1. 309 ; phase of 132, 
308; initial stages of, 133 ; used 
in musical instruments, 134 
Fourier’s tlieorein, 143 ; applications 
of. 144 

Free reeds, 1G8 
Free vibrations, defined, 122 
Frencli horn, 250. 256 
Frequency, defintd. 7 

Stroboscopic method for the de¬ 
termination of, 320 
Frets, 241 

Fundamental defined, 52 

Gallon whistle, 332 
Generator, Peizo-electric, 335 
Geophone, 260 

Graphic method of measuring pitch, 
Haml horn, 251 

Harmonic constituents of notes of 
musical instruments. 155 
Harmonic series, 53, 143-144, 211 
Harmonics, defined, 53, 146 
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H^iimonics gisTii by Fourier’s tlico 
rern, 143-14 

—, quality dependent on, 146 
—, in the voice. 153-1"»4 
—, of organ pipes, 167 

, influence on consonance. 214-1”> 
—, inlluene*^ on definition of in- 
tei vals. 226 

— .of violin 1.'6, 240 
—, "f lliito. lot). 244 

—. ofi'iarinet, l.)6, 246 
—of hautboy. l.")6. 247 
Harmonium. 160 
Harmonograph, 28 
Harp. 237 

Hautboy, 219-20, 247 
Hearing, tlu^orie.s of, 317 
Helniholtz, resojiators, 12.-) ; see oho 
Resonators 

—, theory of (lunlity, 146 
—, analvsis of complex vibrations, 
147 ■ 

—, synthesis of complex vibra¬ 
tions, lol 

—, theory of consonance, 214 
—, on the vibrations of violin 
string, 238 
Hooke’s Law, 16 
Hughes's microphone, 209 
Hunning’s tratismitter, 210 

Impednnco (mechanical), 315 
Intensity of sound, variation with 
di.^tnnoe, 06 ; near interfering 
sources, 110 ; absolute measure¬ 
ments of, 199 

Iiiterferenee, meaning of- the term, 
104 

—, near two sources, llO 

— .shewn bv branched tube. 111 ; 

by tuning fork, 112 ; by Seebeek’s 
tube, 112 ; near fog signal, 114 
Intervals, 9 
—, measurement of, 9 
—, consonant, 9 
—, sum of, 9 
—, dilTerenco of, 9 
—, definition of 254 


Intervals. See also Consonant inter- 
Nals 

Inversions of triads, 222-23 
Isocbronism, 18 

Isollierinal coetlicieiit of elasticity 77 

.Toule, 334 
Kalcidofihonc. 176 
Key bugle, 251 

Kohlrausch, on sensation of pitch . 

192 

Konig’s rnanometric capsule, 163 
Krakatoa erii|>'iou, 194 
Kuiidt’s method of measuring velo¬ 
city of sound, 197 

Laplace’s <-orr-ctions of Xewton's 
calculation of the velocity of 
sound,78 
Leading note, 230 
Limits of audibility, 7, 272 
—. of elastieitv, 13 
Linear dimensions, relation to pitch, 
184 

Lissajoii.i' figures, 31; optical mctliod 
of producing, 33 : pro»luced by 
ktileidophone, 176 ; userl for 
measuring differences of fre¬ 
quency. 190 

Location of sound in air, 259 
—, of sound iindcrgroiind, 260 
—, of sound under water, 261 
—, of gun by sound, 262 
Longitudinal vibrations of air par¬ 
ticles, 58 

Longitudinal waves, .55 : illustrated 
by spiral spring, 56 ; properties 
of, 58, 61 ; condensation in, 60 ; 
shewn hy Crova’s disc, 63 ; 
vclocilv of, 75 ; superposition of, 
104 

Loudness of sound, 5, 269 
Magnetostriction oscillator, 334 
Maiiometric capsule, 163 
Mayer, on comparison of intensities, 
202 

Mean tone temperament, 232 
Mediant, 230 
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(‘xpc'riiii'.nt, 15j 
M*‘inl)ratu-s. \ of, IS.'l 

]\licT>»|>lioij'‘, I’D;) 

Mining, locaf'' I I)ys5im 1. 2:0 
Mixtnn* st<i[>'. 2-*S 
Mi'dulii'ion, 2;>D 
Monoili'iid 11) 

—, ro>i>n iiiot'l»y. 12 > 

—. iisftl tVr nviisiiring pUtli. 1ST 
Month of organ pip s nt lioii of. l.'T 
Mnsiiail hoN, 177 
Musjoal troiii paling.s, f)2 
Mii'i'-.il iti'trninonts. <1 scrib-il, 
230; of oot-s of, l.‘i.7 

Musical notes, characieristicfl of 
3..) 

Natural modes of vibration. 14 U ; 
si.cd^so Overtones 

Newton’s (silonlaTion of velocitv of 
souikI. 77 ; Luplaeo's correction 
of. 78 

Nodes dolinc.l, 47 
Noiso, 3 

Noinenolaturo of stationary vibra* 
I ions, 47 

—. i>f complex notes, 14.7-40 
Non Imrmonie fon-c, efVtsjt in pro. 

dinung vib'ations, 12.3, 1.70 
Non-burin inic waves, 37 
Note defined, l lO 

Ocarina, 227, 244 
Ohm's Law, 110. 140 
Open end of tube, reflection at, 
72 ; correction for. 74, 150, 165 
Open organ pipe, periotl of, loS; 

overtones of, ItiO 
Ophiolcitle, 251 

Organ pipes, flue, 157 ; reed, IfiS; 
amplitude of vibration of air in 
200-201 

Oscillator, magnetostriction, 334 
Ov?itones, defined, 52 
—, of strings, .72 

—, harmonic and inharmonic, 146 
—. of organ pipes, Io9 
—. of rods. 173 
—, of tuning-forks, 178 
—, of plates, 179-80 
of bells, 182 


Overtones of clarinet, 215-16 
—, of hautboy, 247 
—. of brass instruments, 249 
PertiaN. dean ul, 53 

P-Ti »die curves. 142 
Pers-jn.d erpiation. 193 
J’has.-. defined, 24 
— of r irccil vil)t.Htions. 132 
—. effect on <j lulitv. 151 
f’hon. 269 
Phonic wIk cI. 323 
Ph'inodeik, 327 
Phoiio.rraph, desTibod, 204 
—, us'd to t'-'st \-.)wel thearies, 205 
PhoiioM-ope, 32S 
Pianoforte, 236 
Pie^o-lCU‘ctri<; generator. 335 
—. Kc.sonator. 340 
Pipes of variable b.>re, 73 
—, velocity of sound in, 195 
—, .v.’c (ii»o Organ pipes 
Pit'di, measured by frequency, 6 
—.notation. 11 

—, of note given out from moving 
source, 99 

—, of note hoar.l by moving listener, 
109 

—. dependence on dimensions of 
sounding bxly, 184 
—, ineasuromont by siren, 153; by 
monochord. 1S7 ; by graphic 
method. 187 ; 

—, by Phonic wheel. 32.3 by strobo* 
scopi method, 320-322, by tono. 
meter. 189 
—, sensation of, 191 
—. standards of, 248 
Plane waves, constancy of intensity 
of, 66 

Plates, vibrations of, 179 
Potential energy of deformed body, 
17 

Proper modes of vibration, 146 
Prospecting, Seismic. 331 
Pure tones, consonance of, 212, 225 

Quality, characterized by wave form, 

11 -12 

—, meaning of the term, 138 
—, Helmholtz’s theory of, 146 
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Quality* clepcn<ionce on phase of Savart^s tool lied 




cojistituents* 151 


SaxJiorn, 257 ^ V 

Saxo|)h<)r»o, 240 *5^ \ 

Soheiblor’b toiioinetor, ISO 
Seeboek's tube, 112, l!l(i 

331 


Ratio of specific hoots, 79 ; doter- 
iniiied by Kundt's method, 199 
Raylingh on correction for open Seismic prospectirjg, 
enrl, 105 Seismograph, 328 

—, on absolute measurement of in- —, Galitk:in^s, 329 

tensity, 199 —, Horizontal pendulum, 329 

—, on comparison of intensities, 202 —, \’erticnl pendulum, 328 




\ 


Reactance, .'Uj 
Reciprocal firing, 192 
R-recl pipes. I9S 
—, initlioci of tuning, 170 
Reeds, free and beating, 168 
—, elf rot on pitcli of pipes. 170 
Kofiection of waves at end of string, 
42 

—, of waves at closed er.d of pipe, 66 


Sensitive (•anie, 90 
Sharpness of Rusoimnce, .309 
Simple harmonic vibrations, 21 
geornotricdl illustration of, 21 
period of, 22-23 
Sine curve, 2o 
Slide of trombone, 252 
Sound, simpler properties of, 1 
, Recordirigon films, 350 


— of waves at open end of pips, 72 —, Variabio urea method, 351 
—. ni surface of changing density, —, Variable density method, 352 
74 —, vibrations superposed on molo- 

—, of spherical waves, 86 cular motions, 62 

—, of sound by spherical mirrors, 89 —, propagated at right angles to 
—. total internal, 95 wave-front, 65 

Refraction. 94 —, images, 87 

Rcgnault, on mensuroinont of sound —, shadows. 97 


in open nir, 192 ; in pipes, 195 
Reproduction of sound from film 
iceord, 353 
Resonanco, 122. 349 
—, effect of inistuning on, 131 
Resonanco box of fork, 129 
Res mant vibrati ^ns, of pendulum, 
122: instances of, 124 ; shown 
by monocliord, 125 
Resonators, Helmholtz’s, 125 
—, nature of vibrations, 125 
—, (htch of, 126 

—, conductivity of mouth of. 127 
—, with several mouths, 128 
—, Restitution forces, 17 
Reverberation, 344 
—, time, 344 
— Standard, 345 

Rods, longitudinal vibrations of, 172 

_, transverse vibrations of, 174 

Rucker and Edser, on combination 
tones, 119 


Sound ranging, 262 
Soundboard of musical instruments, 
134 

Speaker key, 246 
Speech, 152 

Spherical waves, general description 
of,64; variation of intensity with 
distance, 66; superposition of, 108 
Spiral spring, law of stretching 
of, 15; illustrating longitudinul 
waves, 56; illustrating overtones 
of pipes, 1(»2 

Standards of frequency, 340 
Standards of pitch, 248 
Stationary vibrations, of string, 46, 
285; experimental demonstration 
of. 47, 92 ; nomenclature, 47; in 
closed tube, 67; properties of, 
09; compared with progressive 
waves, 71; in open tube. 74; 
effect on ear, 106 
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Sfrctf^hod string, waves on. 39 : Trumpet. 255 
velocity of waves on, 40; super- Tuba, 257 

position of waves on, 42. 45; Tube, reflection at closed end, 6& 
frefjueticy of. 4.S; laws of vibra- —, reflection at open end, 72 
t ion of 49; cxpcrim-^ntnl test of — of variable bore. 73 
laws. 50; nodes on. 51; efTect Tuning an elastic body, 24 
of imperfect flexibility. 54 — flue pipes, 164 

Stroboscope, 320 ’ —reed pipes. 170 

Submediarit. 2.30 — wood wiml. 247 


Superposition of waves on string, 
42, 4.-. 

—. of trains of waves. 104 

. of oblu|ue trains of waves. 106 
— . of spbetiral waves. 108 
—. limits of law of, 118 
Suj)cr.sonir, depth-sounding, 338 
Sufjor.sonics. 332 
Supertuiiic. 230 

%nt)i03is of complex notes, 151 

Talking motion-picturos, 350 
Tclcphono. 203 
Tempera men f, 232 
— , mean trine, 232 
—, c<|iinl 2.33 

Tempcrariire, effect on velocity of 
soiMul. .82 

effer-t on direction of propaga¬ 
tion. 97 ‘ ' ^ 

effect on organ pipes 171 
—.efTect on pitch of brass instru- 
ments. 257 

Thrcdfall and .-Vilair. on velocity of 
sound in water. 19.) 

Tone, definition of 146 
Ton ic relationship, 227 
Toiiomoter, 189 

Topler and Bdtxmann. on ampli- 
tudo of vibration of air. 200 
Total internal reflection of sound 95 
Transmitter. 209-10 ' 

Transverse waves, 35; velocity of 
34.40; equation of. 38; on a 
string, 39. superpositon of, 42 
4.i: not possible in a gas. 55* 

Triads. Se^ Consonant’triads 
Triangle, 179 
Trombone 252 


— brass instruments. 257 

— liruins, 257 

Tuning-fork, on resonance bo.v, 129 
—. electrically maintained. 148* 

—. general ricscription, 177 
—. effect of teinperaturo on, 178 
—. overtones of, 178 

• Two adjacent sources of sound, 108 
Ultra-sonic waves. 332 
—. Biological effeeis of, 343 
—, Chemical effects of 343 
Detection of. .337 

—. petcrmimition of, velocity in 
liquids by, 342 

—, Diffraction of light by, 342 
—. Production of 332 
—, Uses of. 338 

of *>ra-‘5s instruments. 253; 
defects of. 254 

'elocjty of particles, relation to 
displacement. 26 

'elocity of sound. n‘*arlv inde¬ 
pendent of amplitude. *80: inde- 
Pendent of pitch and pressure, 
in difforont gases, 81; effect 
oi temperature. 82; in mixtures 
«f gases, 82; in liquids, 83. 194 - 

solids, 84; in open air 
*9-; at high altitudes, 194; in 
pipes, 195 

Plocity of souml measured, by 
oeho. 88. by resonance tube 196* 
by Seebeck's tube. 196; bv organ 
pipes. 197; by Kundt’s tube, 197 
locity of transverse waves, 36; 
relation between velocity' and 
wave-length. 37 

' elocity of elastic waves of onv ' 
type. 77 
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Ventral segment, defined. 47 
^■ib^ation mictoBoope, 238 
\’ibrations. See Elastic vibrations 
^■iolin, 238 

—, mot ion of string of. 240 
—, action of bow, 210 
—. i|iiality of, 240 
A’iscous Jicpiids, 14 
^■oc'al organs, 133 
\'o\vels, l.)2 

Vowel theories, 134, loG, 205-20G 


U aves. ‘Vee Longitudinal waves and 
Truns\-erso waves 
\V'cber-Fechner law. 269 
Wheatstone’s kaleidoplionc. 176 
\\ hispering gallerv. 91 
Whistle, Galton. 332 
Wind, eflect on direction of pre- 
pagation of sound. 9.7 
—, effect on pitch, 102 
—, effect on ve]o«-ily measuremen 
in open nir, 192 


Wnve-front, 04 



